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Die auf Flavinen basierende Elektronen-Bifurkation (FBEB), die 2008 erstmalig beschrieben wurde, ist 
eine neue Art der der energetischen Kopplung in anaeroben Bakterien und Archaeen. Der Komplex aus 
dem Elektronen-transferierenden Flavoprotein und Butyryl-CoA-Dehydrogenase (Etf/Bcd) katalysiert die 
die Reduktion von Crotonyl-CoA zu Butyryl-CoA (E0′=−10 mV) mit NADH (E0′= −320 mV) nur in 
Gegenwart von Ferredoxin (E0′= −420 mV). Während der Elektronenbifurkation finden die beiden 
Elektronen des NADH ihre Ziele in verschiedenen Richtungen, eines geht exergon zum Crotonyl-CoA 
während das andere endergon zum Ferredoxin übertragen wird. Wiederholung dieses Prozesses liefert 
Butyryl-CoA und ein zweites reduziertes Ferredoxin. Letzteres reduziert entweder Protonen mit einer 
löslichen Hydrogenase unter Bildung von Wasserstoff oder NAD+ mit einer membranständigen 
Ferredoxin-NAD-Reduktase (Rnf) unter Bildung eines elektrochemischen Na+-Gradienten, der zur ATP-
Synthese dient. 
 In der vorliegenden Arbeit habe ich den dissoziierbarenEtf/Bcd Komplex aus Acidaminococcus 
fermentans untersucht. Die Kristallstruktur des heterodimeren Etfs zeigte das Vorhandensein von zwei 
FAD-Molekülen, jedes in einer Untereinheit, wobei NAD+ neben dem FAD der β-Untereinheit (β-FAD) 
bindet. Bei stufenweiser Zugabe von NADH zum Etf wird zuerst das FAD der α-Untereinheit (α-FAD) 
über das stabile anionische Semichinon (α-FAD•−) zum FADH− reduziert, während das zweite NADH das 
β-FAD zum β-FADH− reduziert. In Gegenwart von Bcd benötigte die Reduktion zum α-FAD•− ein ganzes 
Äquivalent NADH. Bei der Bifurkation erhöhte die stufenweise Zugabe von Etf zur Bcd die Oxidation 
sgeschwindigkeit von NADH bis eine molares Verhältnis von Etf:Bcd (tetramer) = 2 erreicht war. Die 
nicht dissoziierbaren Etf/Bcd Komplexe der Clostridien sind ebenso zusammengesetzt. Das optimale 
Verhältnis Ferredoxin:Etf:Bcd = 4:2:1 in Gegenwart von Hydrogenaselässt vermuten, dass Ferredoxin 
(Fd) unter Fließ gleichgewichtsbedingungen (steady state) zwischen einfach (Fd−) und doppelt 
reduziertem Zustand (Fd2−) hin und her pendelt. Unser postulierter Mechanismus der Elektronen-
bifurkation beginnt mit der Reduktion des β-FAD durch NADH zum FADH−. Dann nähert sich das α-
FAD, das auf einer flexiblen Domäne sitzt, und schnappt sich ein Elektron, das es zum stablisierten α-
FAD•− reduziert. Das zurückbleibende hochreaktive β-FADH• reduziert unverzüglich Ferredoxin.Das α-
FAD•− überträgt sein Elektron weiter auf Bcd. Bei Wiederholung der Bifurkation wird ein zweites 
Ferredoxin reduziert und Bcd bekommt das zweite Elektron zur Reduktion von Crotonyl-CoA.  
Weiterhin zeige ich, dass das gelbe Flavodoxindas braune Ferredoxin ersetzen kann. NAD+ 
oxidiert die farblose Hydrochinon-Form des Flavodoxins (E0′= −420 mV) mit Rnf zur blauen 
Semichinon-Form (E0
Ich untersuchte auch den sehr ähnlichen bifurkierenden Etf/Bcd Komplex aus Megasphaera 
elsdenii. Nach früheren Arbeiten benötigt die scheinbare Reduktion von Crotonyl-CoA zu Butyryl-CoA 
mit NADH kein Ferredoxin. Ich fand, dass unter aeroben Bedingungen der Sauerstoffanstelle von 
Ferredoxin als Elektronenakzeptor dient und zu H
′= −60 mV) und pendelt so zwischen den Hydrochion- und Semchinon-Formen hin 
und her. 
2O2 reduziert wurde. Die bis zu 50% ige Hemmung der 
NADH-Oxidation durch Superoxid-Dismutase lässt vermuten, dass die langsame Reduktion von O2 zu 
O2•− von einer sehr schnellen Reduktion von O2•− zu H2O2 gefolgt wird. Interessanterweise wurden die 
gleichen NADH Oxidationsraten auch in Gegenwart von Butyryl-CoA beobachtet. Wir postulieren, dass 
die Oxidation von Butyryl-CoA zu Crotonyl-CoA durch Sauerstoff von einer bifurkierenden Reduktion 
von Crotonyl-CoA durch NADH gefolgt wird. Demnach fungiert der Etf/Bcd Komplex an Luft in 
Gegenwart von katalytischen Mengen an Crotonyl-CoA oder Butyryl-CoA als NADH-Oxidase.





Flavin-based electron bifurcation (FBEB), discovered in 2008, is a novel mode of energy coupling in 
anaerobic bacteria and archaea. The complex of electron-transferring flavoprotein and butyryl-CoA 
dehydrogenase (Etf/Bcd) mediates the reduction of crotonyl-CoA (E0′=−10 mV) by NADH (E0′= −320 
mV) only in presence of ferredoxin (E0′= −420 mV). During electron bifurcation, the two electrons from 
NADH find their destination in two different directions; one goes exergonicllay to crotonyl-CoA and the 
other moves endergonically to ferredoxin. Repetition of this process yields butyryl-CoA and a second 
reduced ferredoxin. The latter reduces either protons to give hydrogen via a soluble hydrogenase or NAD+ 
via the membrane-bound ferredoxin-NAD+ reductase (Rnf). The thereby formed electrochemical Na+-
gradient is used for ATP synthesis. 
In this thesis, I have studied the dissociable Etf/Bcd complex from Acidaminococcus fermentans. 
The crystal structure of the heterodimeric Etf revealed the presence two FAD molecules, each bound to 
one subunit. NAD+ binds near the FAD of the smaller β-subunit (β-FAD). Upon stepwise addition of 
NADH to Etf, first the FAD of the α-subunit (α-FAD) was reduced to FADH− via the stable anionic 
semiquinone (α-FAD•−). The second equivalent NADH reduced β-FAD.In the presence of Bcd, reduction 
to α-FAD•− required a whole equivalent of NADH. During the bifurcation process, stepwise addition of 
Etf to Bcd increased the rate of NADH oxidation until a molar ratio of Etf:Bcd (tetramer) = 2 was 
reached. The non-dissociable clostridial Bcd/Etf complexes have the same composition. The optimal ratio 
of ferredoxin: Etf: tetrameric Bcd in the presence of hydrogenase was 4:2:1, suggesting that under steady 
state conditions ferredoxin shuttles between the semireduced (Fd─) and completely reduced states (Fd2─). 
Our postulated mechanism of electron bifurcation starts with the reduction of β-FAD by NADH to 
FADH−. Then α-FAD, which is located on a flexible domain, approaches and takes one electron to yield 
the stabilized semiquinone α-FAD•−. The remaining highly reactive electron on β-FADH• is not stabilized 
and immediately reduces ferredoxin. The α-FAD•− transfers its electron further to Bcd. After repetition of 
the bifurcation, a second reduced ferredoxin is formed and Bcd gets a second electron to reduce crotonyl-
CoA. 
FurtherI illustrate that the brownish ferredoxin can be replaced by the bright yellow flavodoxin in 
the bifurcation process. The colorless hydroquinone of flavodoxin (E0′= −420 mV) can be reoxidized by 
NAD+ via Rnf to its blue semiquinone form (E0
I also investigated the very similar bifurcating Etf/Bcd complex from Megasphaera elsdenii. In 
older studies, an apparent reduction of crotonyl-CoA by NADH was achieved without the need of 
ferredoxin. I found that under aerobic conditions oxygen fulfilled the need of ferredoxin and was reduced 
to hydrogen peroxide (H
′= −60 mV) and thus shuttles between the semiquinone 
and hydroquinone forms. 
2O2). The up to 50% inhibition of the rate of NADH oxidation by superoxide 
dismutase suggested that the slow reduction of oxygen to superoxide (O2•−) was followed by a fast 
reduction of O2•− to H2O2. Interestingly, the same rates of NADH oxidation were observed by replacing 
crotonyl-CoA with butyryl-CoA. We propose an oxidation of butyryl-CoA by oxygen followed by the 
bifurcating reduction of crotonyl-CoA by NADH. Hence, under air and in the presence of catalytic 
amounts of crotonyl-CoA or butyryl-CoA, Etf/Bcd acts as NADH oxidase.






1.1 Anaerobic Energy Metabolism 
 
Most energy conserving reactions in living organisms consists of two basic mechanisms, substrate level 
phosphorylation (SLP) and electron transport coupled to phosphorylation (ETP), which more generally is 
called ion gradient phosphorylation (IGP). Ion gradient phosphorylation works with an ATP synthase 
driven by an electrochemical gradient of ions (H+ or Na+) across a membrane. Most ion gradients are 
formed by redox reactions in which one substrate is oxidized and another substrate is reduced. In aerobic 
organisms, the electron donor is usually an organic compound such as glucose and the acceptor is 
molecular oxygen. In the oxidative branch of metabolism, energy is conserved via SLP and in the 
reductive branch, ATP synthesis is coupled to the electron transport (ETP) with H+ (in few cases, with 
Na+
However many bacteria are able to live under anoxic conditions where molecular oxygen is absent and 
use organic or inorganic compounds as electron acceptors instead of oxygen. All these anaerobic energy 
conserving processes in which electron transport is coupled to phosphorylation are called anaerobic 
respiration. In contrast all anaerobic energy-conserving metabolic processes with SLP and no ETP are 
called fermentations. In bacterial fermentations the substrate serves not only as an electron donor but also 
as a terminal electron acceptor, since oxygen, nitrate, fumarate, etc. are absent [
) as coupling ion.  
1]. It was apparently 
accepted that fermentations usually occur in the cytoplasm and anaerobic respirations involve an ion 
pump driven by an electron transport in combination with an ATP synthase. Though the definition of 
fermentation excludes the participation of an electron transport chain, some strict anaerobic bacteria like 
Clostridium perfringens [2, 3], Clostridium tertium [4] and species of Propionibacterium [5]have been 
reported to contain components of dissimilatory nitrate reduction which provides the electron sink for 
oxidative substrate-level phosphorylation. In general, fermentation cannot be completely separated from a 
membrane electron transport because many redox processes cause ion (H+/Na+) extrusion from the 
cytoplasm which contributes to an electrochemical gradient resulting in energy conservation via ion 
import via ATP synthase (e.g. decarboxylation of glutaconyl-CoA to crotonyl-CoA by biotin dependent 
glutaconyl-CoA decarboxylase discussed later). In recent years the discovery of a membrane bound 
NADH: ferredoxin oxidoreductase responsible for generation of a Na+ 
6-8
gradient and its link to the F-type 
ATPase in anaerobic bacteria has completely changed our outlook on energy conservation in anaerobic 
living systems [ ].  
 
1.2 Anaerobic food chain 
 
Aerobic organisms are able to degrade organic compounds like carbohydrates and proteins completely to 
CO2 and H2
9
O. In contrast, anaerobes perform this process in several steps, called the anaerobic food 
chain, in which at least five different groups of bacteria and archaea participate. These include primary 
fermenting bacteria, acetogens, secondary fermenting bacteria (syntrophs) and methanogens [ ]. 
Extracellular hydrolytic enzymes released by primary fermenting bacteria like clostridia break down 
polymers to oligomers and monomers (sugars and amino acids). These are then fermented to short chain 
fatty acids, ammonia, CO2, acetate and molecular hydrogen. H2 and CO2are used by acetogenic bacteria 
as the energy source. The short chain fatty acids and aromatic compounds are oxidized by syntrophic 
bacteria to acetate, CO2 and H2 or formate. Syntrophic bacteria can only live if the methanogenic bacteria 




keep the partial pressure of H2 and the concentration of formate at very low values by reducing CO2 to 
CH4
 
, hence the name syntrophism = living together. A simple illustration is shown as below: 
        
 
Fig. 1.1 Anaerobic food chain 
 
Anaerobic bacteria of orders Clostridiales (phylum Firmicutes) and Fusobacteriales (phylum 
Fusobacteria) [10] and few other anaerobes are able to use amino acids as sole energy substrates [11, 12]. 
The 20 proteinogenic amino acids have an average redox state similar to the sugars and are therefore 
suitable for fermentative redox reactions. The oxidative deamination of amino acids and decarboxylation 
of keto acids involves many interesting reactions in anaerobic energy metabolism. It mostly involves 
special and unique radical enzymes which have been discovered and well studied in recent past. During 
1930s, L.H.Stickland showed that pairs of amino acids were fermented by Clostridium sporogenes [13] 
where one amino acid (e.g.alanine) served as electron donor, whereas a different amino acid (e.g. glycine) 





Fig. 1.2 General scheme of amino acid fermentation  




Later in 1940s, H.A.Barker and coworkers isolated clostridia and related non sporulating anaerobic 
bacteria (e.g.Clostridium propionicum) which fermented single amino acids. C. propionicum uses alanine 
both as an electron donor and acceptor. 
 In amino acid fermentation pathways it was thought energy could only be conserved in the oxidative 
branch of fermentation which is coupled to SLP. A common acyl-CoA is formed which is converted to 
acetyl-CoA by a CoA-transferase, which is followed by a phosphate acetyltransferase and acetate kinase 















Fig. 1.3 Energy conservation by substrate level phosphorylation 
 
However the discovery of flavin based electron bifurcation in 2008[14, 15] has completely changed our 
perspective regarding the energy conservation in anaerobic bacteria and archaea. An example of 
glutamate fermentation by Acidaminococcus fermentans, which ferments glutamate to ammonia, CO2
Glutamate is fermented mainly by anaerobic bacteria from the order Clostridiales and Fusobacteriales by 
atleast 5 different pathways [
, 
acetate ,butyrate and hydrogen throws more light on how energy is not only conserved by SLP but also by 
flavin based bifurcation. 
 
1.3 Glutamate Fermentation 
 
16]. Three of these pathways lead to the formation of butyrate.The major two 
pathaways that occur in glutamate fermentation are the methylaspartate and the hydroxyglutarate pathway 
named after their intermediates. Both of the pathways lead to the formation of ammonia, CO2
17
, acetate, 
butyrate and hydrogen [ , 18] as shown in the equation below: 
5 Glutamate
-
 + 6 H2O + 2 H+              5 NH4 + 5 CO2 + 6 Acetate
-
 + 2 Butyrate
-
 + H2 
ΔG°’ = -63.5 kJ/mol glutamate 
 







Fig. 1.4 Glutamate fermentation pathways 
 
C. tetanomorphum and C. tetani ferment glutamate (first 2 pathways) via 3-methylaspartate to ammonia, 
acetate and pyruvate mediated by coenzyme B12 19-dependent glutamate mutase  [ ] and three further 
enzymes [20]. The third pathway via 2-hydroxyglutarate is described and discussed in this thesis. The 
remaining two pathways demand more than one organism for the complete catabolism of glutamate to 
short chain fatty acids. For example, glutamate is decarboxylated to 4-aminobutyrate which is fermented 
by a second organism to acetate and butyrate by unusual dehydratase that catalyzes the reversible 
dehydration of 4-hydroxybutyryl-CoA to crotonyl-CoA. The last pathway does not involve any 
decarboxylation, proceeds via proline and 5-aminovalerate to acetate, propionate and n-valerate.  
 
1.3.1 Hydroxyglutarate pathway 
 
The pathway, which does not use the coenzyme B12
17
, has been found in Acidaminococcus fermentans, C. 
sporosphaeroides, C. symbosium, Fusobacterium nucleatum and Peptostreptococcus asaccharolyticus 
[ , 21]. The organisms ferment glutamate via (R)-2-hyrdoxyglutaryl-CoA, glutaconyl-CoA and crotonyl-
CoA. Crotonyl-CoA disproportionates to acetate, butyrate and H2. The products of the hydroxyglutarate 
pathway are identical to those of the methylaspartate pathway. The first step of the hydroxyglutarate 
pathway is the oxidative NAD+
22-24
-dependent deamination of glutamate to 2-oxogluarate, which is carried 
out by the glutamate dehydrogenase and followed by hydroxyglutarate dehydrogenase to form (R)-2-
hydroxyglutarate. Glutaconate-CoA transferase then transfers the CoA moiety from an incoming acetyl-
CoA to 2-hydroxyglutarate to release 2-hydroxyglutaryl-CoA which is dehydrated by 2-hydroxygluratryl-
CoA dehydratase to (E)-glutaconyl-CoA. This transformation of hydroxyglutaryl-CoA to glutaconyl-CoA 
differed from conventional biochemical transformation [ ]. A mechanistically difficult reaction of 
reversible syn-elimination of water is achieved where the 3-Si proton is removed from the non-activated 
β-position, whereas a hydroxyl anion is expelled from the α-position adjacent to the electron withdrawing 




CoA ester. The dehydratase has been purified from A. fermentans and C. symbosium, which consists of 
two protein components A and D. The extremely oxygen sensitive homodimeric component A (hgdC, 
2x27 kDa) contains one [4Fe-4S]2+ cluster between two subunits and acts as an activator of the 
dehydratase. Dehydratase activity requires both components A and D, MgCl2
24
, catalytic amounts of ATP 
and a reducing agent. In vivo reduced ferredoxin or flavodoxin act an electron donor [ ]. 
 






















































































































The glutaconyl-CoA so formed is then decarboxylated to crotonyl-CoA by glutaconyl-CoA decarboxylase 
(Gcd). This is decarboxylation step is found to be very interesting in the metabolism of A. fermentans, 
which was later realized to be one the main contributors to the formation of ATP by ion gradient 
phosphorylation.  The salient feature of this enzyme GcdABCD is its integration into the cytoplasmic 
membrane, its biotin content and Na+ 25-27 dependency of the enzymatic reaction [ ]. Gcd shares similar 
features with oxaloacetate decarboxylase from Gammproteobacteria [28] and P. modestum [29]. 
Glutaconyl-CoA decarboxylases are complexes of four to five functional domains or subunits, a 
carboxytransferase (α), a 9-11 transmembrane helix containing Na+
30
-dependent carboxybiotin 
decarboxylase (β), 1-2 mobile biotin carrier (γ) and a membrane anchor (δ) [ , 31]. A simple illustration 
is as shown below: 
 
Fig. 1.5 Hydroxyglutarate pathway of glutamate fermentation 
 
 




        
 
Fig. 1.6.  A simplistic model of glutaconyl-CoA decarboxylase. The array in the lower part resembles the cytoplasmic 
membrane in which the β and δ is embedded. (Model adapted from Boiangiu et al, 2005) 
 
The beauty of the decarboxylation lies in the fact that the free energy of decarboxylation is converted to 
an electrochemical Na+ gradient resulting in ΔµNa+ 32 [ ]. According to stoichiometric calculations, 5 
glutamate leads to the formation of 5 glutaconyl-CoA which are then decarboxylated to 5 crotonyl-CoA 
and 10 Na+ ions are pumped out of the cell.  
After the decarboxylation of glutaconyl-CoA to crotonyl-CoA, the 2-hydroxyglutarate pathway forks into 
oxidative and reductive branch. The NAD+-dependent oxidation of crotonyl-CoA proceeds after a 
‘normal’ hydration to (S)-3-hydroxybutyryl-CoA. After oxidation by NAD+
The apparently simple reduction of crotonyl-CoA to butyryl-CoA requires NADH as an electron donor 
and a protein complex of electron transferring flavoprotein (Etf)-butyryl-CoA dehydrogenase (Bcd). The 
activities of the individual proteins, Etf and Bcd could be identified separately by a diaphorase assay and 
a butyryl-CoA dehydrogenase assay, respectively. But when combined together the physiological 
oxidation of NADH by crotonyl-CoA under strict anoxic conditions was not detected. In 2008 it was 
hypothesized that the exergonic electron transfer from NADH to crotonyl-CoA was coupled to the 
concomitant enedergonic reduction of ferredoxin by a process called electron bifurcation (Herrmann et 
al.) [
 the product acetoacetyl-CoA 
is subsequently cleaved by CoASH into two acetyl-CoA, which finally give rise to 2 ATP by SLP via 
acetyl phosphate (as shown above). In reductive branch, crotonyl-CoA is reduced to butyryl-CoA. CoA 
transfer to acetate releases the final product butyrate and additional acetyl-CoA. This acetyl-CoA pool is 
used to convert 2-hydroxyglutarate to the thiol ester and to synthesize ATP via acetyl-phosphate.  
14].This hypothesis was verified with the Etf-Bcd complex from C. kluyveri [14, 15].  
 
2 Fdox− + 2 NADH + crotonyl-CoA → 2 Fd2−red+ 2 NAD+
The Etf is a heterodimer consisting of two subunits of α (36 kDa) and β (28 kDa) and the Bcd a tetramer 
of 41 kDa subunits. The enzymes in C. tetanomorphum [
 + butyryl-CoA; ΔG°' = -44kJ/mol  
 
33], C. kluyveri [15] and C. difficile [34] form 
tight complexes and do not dissociate during purification. In A. fermentans [35] the yellow Etf and the 




green butyryl-CoA dehydrogenase were isolated as separate molecules. The only cofactor present in Etf 
and Bcd is flavin adenine dinucleotide (FAD) and hence the name flavin based electron bifurcation was 
coined. First the electrons from NADH are passed on to the β-FAD of the Etf, one electron then moves to 
the α-FAD of the Etf, the second electron which is quite unstable at β-FAD● quickly reduces a ferredoxin. 
In the second round another NADH binds and the same thing is repeated once again, resulting in two 
reduced ferredoxins and butyryl-CoA. The reduced ferredoxins can either give rise to H2 via the 
hydrogenase present which increases the energy conservation by SLP or get reoxidized via the Rnf 
(discussed later) giving rise to NADH. While the ferredoxin is reoxidized, the redox potential difference 
between ferredoxin and NAD+(ΔE’ =220 mV) is sufficient to allow the build-up of an electrochemical ion 
potential (ΔµH+/ΔµNa+) that in turn could be used to drive the phosphorylation of ADP via membrane 
associated F0F1 or A0A1 ATP synthase complexes. Thus flavin-based electron bifurcation indirectly 
either conserves energy by increasing SLP by H2 formation or by giving rise to ion gradient 
phosphorylation (according to following equations). 
 
Fd2-red + 2 H+ = Fdox + H2   
  
Fd2-red + NAD+ + H+ = Fdox + NADH + (ΔµH+/ΔµNa+) 
 
So the overall reaction combining earlier equations: 
 
Crotonyl-CoA + NADH + H+= butyryl-CoA + NAD+ + (ΔµH+/ΔµNa+
The phototrophic bacterium  Rhodobacter capsulatus is able to fix nitrogen. Its genome contains a cluster 
of six genes designated as rnfABCDEG that is thought to be involved in electron transfer to nitrogenase 
(Rhodobacter nitrogen fixation = Rnf) [
) 
 
1.4 Rnf complex 
 
36, 37]. The reducing power for nitrogen fixation in these 
bacteria, which is a limiting factor, is solved by the Rnf. Mutant strains failed to grow diazotrophically 
and exhibited no acetylene reduction activity. Insertion or deletion of Rnf genes showed that it plays an 
important role in electron transfer reaction to the nitrogenase. Using cell free extracts, nitrogenase 
activities could be determined using diothionite as an artificial electron donor in Rnf mutant strains. These 
studies showed that the Rnf system is involved in nitrogen fixation by acting as electron donor for the 
nitrogenase.  
Homologus clusters like Rnf, which code for such a membrane bound NAD+
38
-ferredoxin oxidoreductase, 
are found in over a hundred aerobic and anaerobic bacteria but only in two archaea [ ]. Genome 
sequence of C. tetani [39] showed the abundance of FeS clusters within the proteins encoded by a 
putative operon of six genes, homologous to Rnf. Membrane vesicles of C. tetanomorphum catalyze the 
oxidation of NADH by hexacyanoferrate (III) (ferricyanide) at a rate of 20 Umg-1protein and the 
reduction of NAD+ by ferredoxin [reduced with Ti (III) citrate] with 1.5 Umg-1 protein. This provides the 
missing link of how the reduced ferredoxin, generated by flavin-based electron bifurcation is reoxidized 
and NADH is regenerated. This process also gives rise toΔµNa+ that can be used for ATP synthesis. 
Recent studies in A. woodii showed that Rnf containing membrane vesicles can indeed couple the 
reduction of NAD+ by reduced ferredoxin with formation of ΔµNa+
8
 that can be used for ATP-synthesis or 
transport process [ ]. The entire co-ordination between flavin-based electron bifurcation and redoxidation 
of ferredoxin is shown in the simple illustration below:  







Fig. 1.7 Scheme showing reduction of crotonyl-CoA to butyryl-CoA by NADH with subsequent generation of reduced 
ferredoxin and its mode of reoxidation by the membrane-bound Rnf complex. 
 
1.5 Flavin-based electron bifurcation  
 
Flavin containing cytoplasmic multienzyme complexes from anaerobic bacteria and archaea that catalyze 
the reduction of the low potential ferredoxin by electron donors with higher potentials, such as NAD(P)H 
or H2 at ≤100 kPa follow the process called flavin-based electron bifurcation (FBEB). In this process, the 
endergonic reactions are driven by concomitant oxidation of the electron donor with higher potential 
acceptors like crotonyl-CoA, pyruvate, NAD+
40
 or heterodisulfide (CoM-S-S-CoB). This can be regarded as 
the Third Mode of Energy Conservation in addition to substrate level phosphorylation (SLP) and 
electron transport phosphorylation (ETP). As mentioned earlier FBEB was first discovered in Etf/Bcd 
complex from C. kluyveri in 2008, since then reports of bifurcating complexes are increasing with time. 
The multisubunit [Fe-Fe] hydrogenase from Thermatoga maritima (HydABC) [ ] and from acetogenic 
bacteria [41], the [Ni-Fe] hydrogenase/heterodisulfide reductase (MvhADG-HdrABC) from 
methanogenic archaea [42], the transhydrogenase (NfnAB) from C. kluyveri [43], the formate 
dehydrogenase from Clostridium acidiurici [44], the lactate dehydrogenase from A. woodii [45], all were 
shown to be either electron bifurcating or confurcating complexes. All the complexes reported so have 
FAD/FMN as co-factor and one or more (Fe-S) clusters as cofactors apart the Etf/Bcd complex from 
clostridia, which have FAD as the only cofactor. This makes the Etf/Bcd an attractive candidate to study, 
as the sole role play in electron transmission is played by either the FAD or the protein itself unlike in 
other cases presence of multiple (Fe-S) clusters makes the situation more complex. A simple illustration 
shown below explains the mechanism in detail.  




          
 
          Fig. 1.8 Illustration of flavin-based electron bifurcation (adapted from Buckel and Thauer 2013) 
 
Later in this thesis a detailed working mechanism of the Etf-Bcd complex has been well described and 
discussed. Studies both at the biochemical and structural level from gives a mechanistic picture of how 
the Etf-Bcd might work in-vivo. As a model system the dissociating complex of Etf-Bcd from A. 




1.6.1 Acidaminococcus fermentans 
A. fermentans is a non-motile, non-sporulating and strict anaerobic bacterium. It was first isolated from 
the pig alimentary tract along with 48 other Gram-negative strains by Fuller in 1966 [46]. Later it was 
characterized by Rogosa in 1969 [47]. It is a member of the phylum Firmicutes and is Gram-negative 
diplococci. Amino acids, mainly glutamic acid serves as the sole energy source for growth in the 
gastrointestinal tract of homothermic animals. It ferments glutamate via the hydroxyglutarate pathway to 
ammonia, carbon dioxide, acetate, butyrate and molecular hydrogen (ArchMicrobiol (1985) 142:128-135) 
 
1.6.2 Megasphaera elsdenii 
M. elsdenii was first isolated and characterized by Elsden in 1956 from rumen contents of sheep [48]. 
Like A. fermentans it belongs to the phyla Firmicutes and a strict Gram-negative anaerobic bacterium. It 
metabolizes DL-lactate principally to carbon dioxide, hydrogen, propionate, acetate, butyrate and traces 
of valerate [49, 50]. The metabolic pathway of M. elsdenii is still not well understood, we here study the 
working mechanism of the Etf-Bcd complex (discussed in Chapter 2.3.1) in reduction of crotonyl-CoA. 
Later in Chapter 2.3.2, lactate oxiding protein lactate-dehydrogenase has been reported but the work is 
still under progress and initial results have been presented. 











This section has been divided in to three chapters and a subchapter.  
Chapter 2.1 describes the biochemical and structural study of the electron transferring flavoprotein and 
butyryl-CoA dehydrogenase of Acidaminococcus fermentans. This chapter is presented as a publication 
reprint. 
Chapter 2.2 describes the role of flavodoxin in anaerobic energy metabolism; biochemical studies 
present forward the model of flavodoxin involvement in energy conservation in A. fermentans. This 
chapter is presented as a publication draft (to be submitted) 
Chapter 2.3
Chapter 2.2 and 2.3.1 are presented as draft manuscripts which will be submitted soon. Each chapter has 
been summarized in short at the beginning of the chapter.
 has been divided in to 2.3.1and 2.3.2  
 
Chapter 2.3.1 deals with the Etf-Bcd complex of Megasphaera elsdenii. (To be submitted) 
Chapter 2.3.2 presents a short study on the role of Etf and lactate dehydrogenase in lactate metabolism by 
M. elsdenii.  (Work under progress) 
 




2.1 Flavin Based Electron-Bifurcation: A Biochemical and structural study 
Summary 
Hydrogen production in several glutamate fermenting bacteria has remained obscure over many years. 
Until recently the hypothesis of electron bifurcation in non-dissociable electron transferring 
flavoprotein/butyryl-CoA dehydrogenase complex (Herrmann et. al.) explains how it enables anaerobic 
bacteria and archaea to reduce the low-potential [4Fe-4S] clusters of ferredoxin, which was later proved 
by Li. et.al (2008). Reduced ferredoxin can be reoxidized by hydrogenase by reducing protons to 
molecular hydrogen or generates an electrochemical gradient across the membrane. Reoxidation of 
ferredoxin results in increase in efficiency of substrate level phosphorylation or better energy 
conservation by electron transport phosphorylation. 
In this study we have studied the dissociable Etf/Bcd complex of the glutamate fermenting bacterium, 
Acidaminococcus fermentans. With the help of biochemical and spectroscopic experiments we have 
characterized the protein complex. Crystallization study revealed the enzyme active site and the co-factor 
binding sites, single FADs are bound at the α- and β-subunit. NAD+ is found to be bound next to the β-
FAD. The structure can be modeled which fits to the working mechanism of electron-bifurcation. We 
propose a stepwise electron transfer within the Etf and to the ferredoxin which affords reduction of 
crotonyl-CoA by NADH. Reduced ferredoxin when coupled with hydrogenase releases hydrogen which 
explains the hydrogen production during glutamate fermentation.  
This study finds its importance as this elucidated mechanism can be extended to understand other 
bifurcating systems reported which has FAD as the bifurcating cofactor. 
 





































































Calibration of Crotonyl-CoA concentration by an enzyme mixture of Acidaminococcus fermentans 
 
Crotonyl-CoA concentration can be measured with a coupled assay involving steps 3 and 4 with an 
enzyme mix of five auxillary enzymes purified together from the soluble fraction of cell-free extract from 
A. fermentans. Crotonyl-CoA is hydrated to (3S)-3-hydroxybutyryl-CoA which is oxidized to acetoacetyl-




The stoichiometry of crotonyl-CoA oxidized to acetoacetyl-CoA formed is 1:1; therefore 1mole of 
NADH is formed from 1 mole of crotonyl-CoA. Different volume of crotonyl-CoA was incubated with 
excess NAD+ and formation of NADH was measured at 340 nm under anoxic condition on addition of 
enzyme pool.  
Reaction volume of 500 µl consisted of 50 µg of enzyme pool mix, 500 µM of NAD+












 and different 
volume of crotonyl-CoA. A standard curve was plotted, concentration of NADH formed against different 
volumes of crotonyl-CoA.  
 
Calibration curve of crotonyl-CoA to NADH formed 
1 Glutaconate-CoA transferase, 
2 Glutaconyl-CoA decarboxylase 
3 Enoyl-CoA hydratase (crotonase),  
4 (3S)-3-hydroxybutyryl-CoA dehydrogenase, 
 5 acetyl-CoA acetyltransferase (thiolase),  
6 Phosphate acetyltransferase 
 




Pull down assay 
A pull down assay was performed with His-tagged Etf and cell free extracts from A. fermentans under 
aerobic conditions. The objective of the experiment was to investigate whether the interacting ferredoxin 
can be brought down from the cell free extracts. The final SDS-PAGE of the experiment is shown below. 




0.5 mg of Etf was incubated 500 µl of 8 mg/ml of cell free extract at 4 °C in an Eppendorf 1.5 ml tube. 
The tube was kept on shaking condition for 5-6 hours for efficient binding. Finally the protein was loaded 
on to a 500 µl pre-equilibrated His-tag column and washed with 2 ml of 50 mM KPP pH 6.8 buffer 
supplemented with 0.5 M NaCl. Post washing, all proteins were eluted with 250 µM imidazole in the 
same buffer. Protein were run in a SDS-PAGE as shown above.  
 
Comments. 
The SDS-PAGE revealed 3 major protein bands which were analyzed MALDI-TOF analysis.  With the 
C-terminal His-tag α subunit of Etf came down the butyryl-CoA dehydrogenase which was as expected, 
since from modeling experiments we found that Bcd interacts with the α subunit of Etf. Surprisingly 
Rubrerythrin was found as one of the interacting protein. Rubrerythrin has been reported to have NADH 
peroxidase activity [51] and termed as oxidative stress protein [52]. This observation can be well linked to 
our results presented in Chapter 3A and further dicussed in the Discussion part. 




Flavodoxin and electron bifurcation 
Summary 
Flavodoxin are known to substitute ferredoxin in most of the metabolic reactions. However growth 
experiments of A. fermentans in low and high iron containing media show an inverse relation between the 
production of ferredoxin and flavodoxin.  In low iron media the growth rate of A. fermentans remain 
unaffected indicating that energy conserved by fermenting glutamate in low iron condition essentially 
remains the same as in high iron content media. Ferredoxin was found to be an essential component of the 
electron bifurcation and energy conservation in A. fermentans, which should be affected during iron 
deprivation. Thamer et al. showed that the doubling time of A. fermentans remained unaffected even iron 
content in the media was varied between 7 µM-45 µM. Earlier Hans et al. (2002) identified that the 
hydroquinone form of flavodoxin can be an in vivo electron donor for 2-hydroxy-glutaryl-CoA 
dehydratase. 
Here in this study we have overproduced and purified the recombinant flavodoxin from A. fermentans in 
E. coli. Biochemical experiments show that flavodoxin can replace ferredoxin in bifurcation reactions. 
Similar to ferredoxin, reduced flavodoxin can reoxidized by the membrane bound Rnf complex to its blue 
semiquinone form which is again reduced to hydroquinone form by electron bifurcation which has been 
shown by spectroscopic study. Most probably in vivo the flavodoxin shuttles between the blue 
semiquinone and the colorless hydroquinone form which supports the observation that flavodoxin 
purified under anaerobic conditions was always blue. 















In the metabolism of acetogenic and 
fermentative bacteria, both ferredoxin and 
flavodoxin play central roles as electron 
acceptors and donors for numerous oxidation-
reduction reactions. Flavodoxin was first 
discovered in Clostridium pasteurianum [53, 
54], has a molecular mass of approximately 
15,000 and contains 1 molecule of non-
covalently bound flavin mononucleotide. 
Flavodoxin has been purified and studied from 
different organisms and the most extensive 
studies at the structural level have been carried 
out with flavodoxins from Desulfovibrio 
vulgaris [55-57], Clostridium beijerinckii MP 
[58, 59] , Anabena [60] and Megasphaera 
elsdenii [61]. Flavodoxin was shown to be the 
substitute for ferredoxin in most of the redox 
reactions with low redox potentials [62]. 
Flavodoxins can stabilize the neutral 
semiquinone of the bound FMN under anaerobic 
conditions which stays stable for long period. It 
can be reduced further to two electron reduced 
state (hydroquinone) which causes large shifts in 
the redox potentials for the 2nd
61
 electron reduced 
state. It is proposed that for reactions in-vivo, 
flavodoxin from M. elsdenii shuttles between 
semiquinone and hydroquinone state [ , 63]. 
Depending on the protein, the 2nd redox 
potential can vary between -0.368 and -0.518 V 
for FMN in flavodoxins [64] which makes it as a 
perfect candidate for electron donor or receiver 
in redox metabolic processes. However, the 
redox titration of flavodoxin from 
Acidaminococcus fermentans revealed a 
midpoint potential of -0.06 V for the 
semiquinone/benzoquinone couple and -0.43 V 
for the hydroquinone/semiquinone couple at pH 




It is well known that under iron limiting 
conditions in growth medium, flavodoxin 
production surpasses the production of 
ferredoxin, as studied in C. pasteurianum, C. 
acidiurici, C. formicoaceticum, M. elsdenii and 
A. fermentans [53, 66-69]. An inverse 
dependence of ferredoxin/flavodoxin syntheses 
on iron concentration in the growth medium of 
A. fermentans in range of 7-45µM Fe was 
reported earlier [65]. The strict anaerobic 
bacterium A. fermentans ferments glutamate via 
hydroxyglutarate pathway to ammonia, carbon 
dioxide, acetate, butyrate and hydrogen [16-18]. 
It was shown that the hydroquinone form of the 
flavodoxin from A. fermentans could replace the 
reducing agent titanium (III) citrate in the 
activity assay of 2-hydroxyglutaryl-CoA 
dehydratase (a key enzyme in the glutamate 
fermenting pathway) suggesting that reduced 
flavodoxin might act as an natural electron 
donor to the dehydratase enzyme [65]. A second 
most important stage in the same metabolic 
pathway is the reduction of crotonyl-CoA to 
butyryl-CoA, which involves electron 
transferring flavoprotein (Etf), butyryl-CoA 
dehydrogeanse (Bcd), low redox potential 
ferredoxin and NADH as reductant [20]. 
Stepwise electron transfer to the Bcd and 
ferredoxin is mediated by Etf via flavin-based 
electron bifurcation [14, 15, 20, 35] which 
affords reduction of crotonyl-CoA and reduced 
ferredoxin. 
Here, we report the overproduction and 
purification of flavodoxin from A. fermentans in 
E. coli, which is used to replace the ferredoxin in 
electron bifurcation reaction for the reduction of 
crotonyl-CoA to butyryl-CoA. 
Spectrophotometric analysis revealed that 
reduced flavodoxin can then be reoxidized to the 
semiquinonic state via the solubilized membrane 
Flavodoxin and flavin based electron-bifurcation 
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extract, mostly probably via the membrane 
bound Rnf (Rhodobater nitrogen fixation) 
complex, whereby an electrochemical Na+
A. fermentans VR4 (strain DSM 20731) was 
grown anaerobically on glutamate/yeast 
extract/biotin medium as described earlier [
-
gradient is formed. Experiments in this study 
show that the flavodoxin shuttles between the 
semiquinone and the hydroquinone forms in-
vivo. 
MATERIALS AND METHODS 
Growth of microorganism 
27]. 
E. coli (strains DH5α, BL21-DE3) was cultured 
and grown at 37 °C in Standard I nutrient broth 
(Merck, Darmstadt, Germany) in orbital shaker. 
The medium was supplemented with 
carbenicillin (50 µg/ml) for growth of bacteria 
with inserted plasmid. For overproduction of 
flavodoxin, 2 litres of Standard I broth, 
supplemented with carbenicillin, was inoculated 
with 25 mL of overnight culture of BL21-DE3 
that has been transformed with the pASG-IBA3 
expression vector (IBA, Gottingen) containing 
the flavodoxin gene of A. fermentans. The 
culture was grown till it reached an absorbance 
of O.D = 0.6, then 200 µg/litre AHT (IBA, 
Gottingen) was added to induce the expression 
of the recombinant gene during the further 
growth for next 12 h at room temperature. Post 
induction and growth, cells were harvested by 
centrifugation and cell paste stored at -80 °C 
until use. 
Synthesis of CoA esters 
Crotonyl-CoA and butyryl-CoA were 
synthesized by acylation of CoASH in aqueous 1 
M KHCO3
70
 using 1 M crotonic anhydride or 
butyric anhydride in acetonitrile with a slight 
molar excess. After acidification the CoA-
thioesters were purified over C18 columns and 
stored as lyophilized powders at −80 °C[ ]. 
The concentration of the crotonyl-CoA was 
calibrated by the NAD+
27
-dependent β-oxidation 
to acetyl-CoA and acetylphosphate as described 
for the assay of glutaconyl-CoA decarboxylase 
[ ]. HPLC of crotonyl-CoA and butyryl-CoA 
was performed on a C18 Kinetex column (5µm 
particle size, 100 Å pore size, 250 × 4.6 mm, 
Phenomenex, Aschaffenburg, Germany) at a 
flow rate of 1 ml/min in 50 mM KH2PO4
Titanium (III) citrate was prepared as decribed  
by Zehnder and Wuhrmann [
 pH 5.3 
and 5% acetonitrile. During 20 min a linear 
gradient up to 60% acetonitrile was applied. For 
detection of respective CoA esters from the 
assay mixtures, samples were acidified with 
conc. HCl to a pH 2.0 and centrifuged at around 
13000 rpm and filtered to remove the denatured 
protein. 10µl sample was loaded to the HPLC 
column for the detection. 
Preparation of titanium (III) citrate  
71]. Titanium (III) 
chloride in HCl (12%, 0.5 ml) was added to 5ml 
of 0.2 M sodium citrate. After 10 min the 
mixture was neutralized with saturated sodium 
carbonate solution to pH 7.0. The prepared 
titanium (III) citrate was stored under anaerobic 
conditions in air tight bottles. 
Recombinant DNA methods 
Genomic DNA was isolated from A. fermentans 
cells using genomic DNA preparation kit 
(Fermentas, Thermo Fischer) as per 
manufacturer’s instruction. The flavodoxin 
protein from A. fermentans was identified earlier 
by N-terminal sequencing [72]. The gene 
corresponding to the protein, Acfer_0269[73] 
was amplified by PCR using genomic DNA as 
the template and forward primer 5’- 
AAGCTCTTCAATGAGCAAAATCGCAGTG
GTGTTCT and reverse primer 5’- 
AAGCTCTTCACCCTGCCAGCGCCTCTCCC
AG. The PCR product was cloned into the p-
ENTRY vector and introduced in E. coli DH5α 
by chemical transformation. The cloned gene 
sequence was confirmed and then transferred to 
expression vector pASG IBA 3 and the cloned 
vector finally transferred to E. coli BL21-DE3. 
The colonies harboring the plasmid were used 
for overproduction of the protein. 
Purification of flavodoxin 
E. coli cells over-producing the recombinant 
flavodoxin (10g wet mass) were suspended in 
50mM Tris-HCl/150 mM NaCl, pH 7.5 (buffer 




A) and disrupted by three passages through a 
French press at 140 MPa. Cell debris and 
membranes were separated by centrifugation at 
150,000 × g for 45 mins at 4 °C to obtain 
membrane free extract. The membrane free 
extract was the filtered using a 45 µM filter and 
loaded on to a 10ml Strep-tag II column (IBS 
GmbH, Germany) which was pre-equilibrated 
with buffer A. All purifications steps were 
performed at 4 °C, unless otherwise mentioned. 
The column post loading of the membrane free 
extract was washed with 10 column volumes of 
buffer A to remove contaminating proteins. The 
protein was eluted with 2.5 mM D-desthiobiotin 
in buffer B. The purified protein was desalted 
and concentrated; FMN in molar excess was 
added and incubated overnight in dark at 4 °C. 
Homogenous protein and excess flavin removal 
was obtained by loading the incubated protein 
onto a Superdex 75 pg (GE Healthcare Life 
Sciences). The protein was stored at -80 °C until 
use. 
Purification of ferredoxin 
Ferredoxin was purified from Clostridium 
tetanomorphum (DSM 526). C. tetanomorphum 
cells were grown on the same glutamate media 
as was used for A. fermentans with the 
exception, biotin was omitted. All purification 
was done under strict anoxic conditions, under 
an atmosphere of 95% N2 and 5% H2
15
 (Coy 
Anaerobic Chamber). 10g frozen cells were 
suspended in 50 mM phosphate buffer pH 6.8 
(buffer B) and passed 3 times through the French 
press at 140 MPa. The supernatant obtained by 
centrifugation at 150,000 × g for 1 h at 4 °C, was 
loaded on a DEAE column which was pre-
equilibrated by buffer B. The column was 
washed with 2 column volumes of buffer B and 
the protein was eluted with a gradient of 0-100% 
1M NaCl achieved over 10 column volumes 
(600ml). Active fractions of ferredoxin were 
identified by the bifurcation assay [ , 35]. 
Active fractions were pooled together and 
concentrated with a 3kDa ultrafiltration 
centricon (Millipore). The concentrated protein 
sample was loaded on to a Superdex 75 column 
pre-equilibrated with 150mM NaCl in buffer B. 
The fractions containing ferredoxin were 
identified by its dark brown color and was 
concentrated and stored at -80 °C under 
anaerobic conditions. The ferredoxin 
concentration was measured as per [68] and a 
molecular mass of 6 kDa was used.  
Preparation of Hydrogenase 
A partial purification of hydrogenase was 
obtained from Clostridium pasterianum. 
Clostridium pasteurianum (DSM 525) was 
grown on a medium containing 100 mM 
glucose, 70 mM NaHCO3
74
 and yeast extract (2 
g/L). 5gm of frozen cells were re-suspended in 
10 ml buffer B and broken through three 
passages through a French press at 140 MPa 
(20,000 Psi) under strict anoxic conditions. The 
broken cells were centrifuged at low speed 7000 
x g for 20min. The supernatant was heated at 55-
60 °C for 10-15 min under a hydrogen 
atmosphere. Post heating, the extract was kept in 
ice for 30 min for rapid cooling. The precipitated 
proteins and cells were now removed by 
centrifugation at a higher speed at 20,000 x g for 
30 min. The supernatant containing hydrogenase 
was stored at -80 °C until  use [ ].  
Preparation of Electron transferring 
flavoprotein and Butyryl CoA dehydrogenase 
Etf and Bcdh was prepared as per reported 
earlier [35]. Both proteins were flavin saturated 
by incubating the proteins with excess FAD 
overnight in dark at 4 °C. Excess flavin was 
removed by using a PD 10 desalting column 
(GE healthcare). Flavin content of the proteins 
was calculated using an extinction co-efficient, 
ε450 = 11.3 mM-1cm-1
20 g wet packed cells of A. fermentans were 
suspended in buffer B and broken by 4 passages 
through the French press at 140 MPa under strict 
anoxic conditions. Cell debris was removed by 
centrifugation 20,000 x g for 20 min at 4 °C. 
The crude extract was centrifuged at 150,000 x g 
for 60 min. The supernatant was stored for 
further purification of soluble proteins and the 
membrane extract was collected and washed 
twice with buffer B by centrifuging at 150,000 x 
 at 450 nm  
Preparation of membrane extracts 




g for 30 min. The washed membrane was then 
solubilised with 2% n-dodecyl-β-D-maltoside 
(DM) in buffer B supplemented with 0.5 M 
NaCl and homogenized well to further solubilise 
the membrane proteins. Post homoginization the 
extract was kept on ice for 30 min. The 
solubilised membrane was then centrifuged at 
150,000 x g for 30 min and the supernatant 
containing the membrane protein was collected 
[27]. 
Analytical methods 
Protein concentrations were estimated with the 
Bradford assay [75] (Biorad-Microassay reagent, 
Bio-Rad-Laboratories, Munich, Germany). 
Bovine serum albumin (Sigma, Germany) was 
used as standard. SDS-PAGE was performed as 
described by Laemmli [76] 
All enzyme assays were done under an 
atmosphere of 95% N2 and 5% H2. The 
bifurcation assay measurement for the reduction 
of crotonyl-CoA to butyryl-CoA was done in a 
500 µL quartz cuvette (d = 1 cm) using 0.5 µM 
EtfAf, 1 µM BcdAf,1 µM ferredoxinCt, crude 
hydrogenaseCp and 250 µM NADH. 100 µM of 
substrate was used in buffer B. The decrease in 
NADH concentration was monitored at 340 nm. 
Stoichiometric amounts of flavodoxin (50 µM) 
were used in place ferredoxin/hydrogenase to 
observe oxidation of NADH. 
Reduction of flavodoxin for spectrophotometric 
assays was done by treating the protein with 500 
µM titanium (III) citrate under anaerobic 
condition. Re-oxidation of reduced flavodoxin 
was done by adding the membrane extract 
coupled to reduction of NAD+
Recombinant flavodoxin was purified from a 
cell lysate of E. coli BL21 (DE3) harboring the 
GOI_pASG IBA3 vector as mentioned earlier. 
The protein as was purified by an affinity Strep-
Tag column and subjected to gel filtration to 
achieve homogeneity.By gel filtration at pH 7.0 
2 distinct peaks were observed (Fig. 1), which, 
when ran on a SDS gel, each showed a single 
band around the 15 kDa marker. Both proteins 
from the 2 peaks were identified to be 
flavodoxin by MALDI-TOF analysis. This hints 
that the flavodoxin tends to make a mixture of 
the dimeric and monomeric forms, though the 
nature and extent of dimerization was not 
investigated. The molecular mass determined to 
be approximately 15 kD by SDS-PAGE (Fig. 2) 
which fits to the calculated value (14,500 + 
1,000) based on the amino acid sequence from 
the protein and the strep-tag.  
, change in the 
absorption spectra of flavodoxin on re-oxidation 
was done by UV-visible spectroscopy. 
Results and Discussion 
Isolation and characterization 
 
Figure 1. Gel filtration profile of flavodoxin protein. 1, Peak for 
multimeric flavodoxin; 2, peak for monomeric flavodoxin  
The UV-visible spectrum of the purified protein 
was measured (see Fig. 2), which revealed two 
peaks at 375 and 448 nm, characteristic of 
proteins binding flavin derivatives. Upon heating 
the flavodoxin at 80 °C and analyzing the 
supernantant of the precipitated protein with 
TLC and reverse phase HPLC on C-8 column, 
the spot and the retention time matched to those 
of FMN (data not shown). The FMN content of 
the protein was around 0.2 FMN per monomer 
which was raised to 0.6 on overnight incubation 
in the dark at 4 °C after removal of excess FMN 
by gel filtration. The quantification by 
absorbancies at λ = 450 nm (ε = 11.3 mM-1 cm-1) 
and λ = 370 nm (ε = 10.7 mM-1 cm-1
77
) was used 
[ ]. The FMN content of the flavodoxin 
purified from A. fermentans was reported to be 
1.0 [72], which suggests that on overproduction 




most of the flavodoxin has lost its flavin binding 
capacity and there exists a mixture of holo and 
apo-flavodoxin. A ratio of A465/A274 
78
= 0.17 was 
reported to correspond to that of the pure holo-
flavodoxin in Anabena [ ], whereas the ratio of 
A465/A274
 
Figure 2. SDS-PAGE of recombinant Strep-tag Flavodoxin 
(left). UV-vis spectrum of 35 µM flavodoxin (right) 
Kinetic characterization 
, obtained is this study was 0.146. 
Addition of ferredoxin and hydrogenase to 
catalytic amounts of EtfAf/BcdAf
35
 with NADH 
and crotonyl-CoA caused rapid oxidation of 
NADH [ ], which has been established as 
flavin based electron bifurcation in earlier 
research. Based on this and the observation that 
during iron limiting conditions the growth rate 
of A. fermentans was not hampered, we replaced 
the ferredoxin in the bifurcation reaction with 
flavodoxin. On incubation of same amounts of 
EtfAf/BcdAf with NADH and stoichiometric 
amounts of flavodoxin, no oxidation of NADH 
was observed, suggesting no electron transfer to 
flavodoxin was achieved. However on addition 
of the substrate (crotonyl-CoA), oxidation of 
NADH was observed (Fig. 3). The product of 
the reaction was besides NAD+
 
Figure 3. Oxidation of NADH on addition of Crotonyl-CoA 
The resulting reaction can be written as in an 
equation 1, 
, butyryl-CoA 
(determined by MALDI-TOF mass spectrometry 
and HPLC). In control experiments, in which 
crotonyl-CoA was replaced by butyryl-CoA or 
free CoA, no NADH was oxidized, suggesting 
that the reduction of flavodoxin was tightly 
coupled to reduction of crotonyl-CoA. 
Crotonyl-CoA + 2NADH + Fld          Butyryl-
CoA + 2 NAD+ + Fld2- 
Increasing concentrations of flavodoxin in the 
reaction assay increased the rate of NADH 
oxidation (Fig. 4), which followed Michaelis-
Menten kinetics, Km = 82 µM. As the flavin 
content of the protein was calculated to be 0.5, 
the actual Km
 
Figure 4. Dependence of the specific activity of NADH 
oxidation (µmol of NADH/mg of Etf
 has to be considered to be around 
40 µM.  
Af) on the concentration of 
the FldAf
The UV-visible spectrum under anaerobic 
conditions showed absorption maxima at 375 
  
Spectroscopic characterization  




and 446 nm with a shoulder peak at 464 nm. The 
protein, when reduced by 1 mM of the 
synthesized titanium (III) citrate, showed 
reduced absorbance at 375 and 446 nm and a 
new peak at 578 nm (Fig. 5) The peak at 578 
nm, a characteristic of blue simiquinone, was 
stable and only after addition of an 5 mM 
titanium citrate (fig 6), the flavodoxin was 
completely reduced. Generally the redox 
potential of the semiquinone-hydroquinone 
couple of flavodoxins varies with pH andbcomes 
independent at pH > 7.5 [61, 64]. In the low pH 
region the potential is more negative than that of 
hydrogen electrode, so it becomes more difficult 
to reduce flavodoxin. This correlates with our 
observation that excess titanium (III) citrate was 
required to completely reduce the flavodoxin at 
pH 6.8. 
 
Figure 5. Reduction of flavodoxin by tit (III) citrate. Black, 
oxidized Fld; Red, Fld reduced by 1 mM Tit (III) citrate; Green, 
completely reduced Fld by excess Tit (III) citrate. 
In the context that the titanium (III) citrate can 
reduce the flavodoxinAf
72
 first to the semiquinone 
and then to the completely reduced 
hydroquinone form with a redox potential of -60 
mV and -430 mV respectively [ ], it was 
interesting to study the spectral characteristics of 
the flavodoxin during the electron bifurcation 
process. To catalytic amounts of Etf/Bcd and 
125 µM NADH, 75 µM flavodoxin was added 
and the spectrum was recorded. Limiting 
amounts of crotonyl-CoA (30 µM) were added 
to start the reaction and immediately the spectra 
were recorded. It was observed that the peak at 
446 nm decreased with an increase in the region 
between 520-660nm. Spectra were again 
recorded after 1 min which revealed marked 
decrease in the peak at 446 nm and a stable 
neutral semiquinone peak at 578 nm (Fig. 6A). 
On addition of excess crotonyl-CoA (50 µM) the 
flavin spectrum was completely quenched. As a 
control, when limiting amounts of flavodoxin 
(25 µM) were analyzed similarly with an excess 
crotonyl-CoA (75 µM), the decrease at 446 nm 
was deeper and the absorption of the region 
between 520-660 nm was less pronounced (Fig. 
6B). Hence the flavodoxin was completely 
reduced to the hydroquinone form. 
 
Figure 6(A,B). Flavodoxin UV-vis spectra. (A) Spectra of 75 µM 
Fld with 30 µM crotonyl-CoA. Black oxidized Fld, Red &Blue, 
consecutively spectra recorded; Purple, spectra of Fld on addition 
of excess crotonyl-CoA. (B) Spectra of 25 µM Fld with 75 µM 
crotonyl-CoA. Black, oxidized Fld; Red. Spectra recorded after 
1min of crotonyl-CoA addition; Blue, spectra after 5 min post 
reaction.    
Experiments with membrane fractions 
It was observed that the membrane fraction of 
Clostridium tetanomorphum exhibited high 
NADH-dehydrogenase activities with 




ferricyanide [hexacyanoferrate (III)] as an 
electron acceptor [equation 2], see review [6]. 
NADH + 2 [Fe (CN)6]3– = NAD+ + 2 [Fe 
(CN)6]4– + H+; (equation 2) 
∆E = +740 mV; ∆G°' = –143 kJ mol
The results led to the proposal that the six 
deduced Rnf-related proteins detected in the 
genome of the related organism Clostridium 
tetani might be responsible for this catalytic 
activity [
–1 
39]. It was further suggested that, 
similar to the homologous Na+
79
-pumping NADH-
quinone oxidoreductases (Nqr) from Vibrio 
alginolyticus [ ], the Rnf proteins form a 
membrane complex, which generates an 
electrochemical H+ or Na+
8
-gradient. Later, with 
inverted membrane vesicle from Acetobacterium 
woodii [ , 45] it was demonstrated that Rnf is an 
unique primary sodium pump coupling the 
electron transfer from reduced ferredoxin to 
NAD+ with the electrogenic movement of Na+
6
 
out of the cell [ ]. The ion gradient thus formed 
helps in energy conservation by ATP synthesis 
via the well known Na+ F1F0
Earlier observation that the growth rate of A. 
fermentans cells (doubling time 2.5 hr) were 
independent of the iron concentrations in the 
media (7-45 µM Fe)[
 ATP synthase.  
68].Spectroscopic evidence 
made us believe that flavodoxin actually plays 
the role of ferredoxin in A. fermentans. 
However, it was interesting to investigate that 
whether the reduced flavodoxin (hydroquinone 
form) generated by electron bifurcation can 
actually be oxidized by NAD+ mediated by the 
membrane extract because the genome of A. 
fermentans was also found to encode for the Rnf 
(Acfer_0108-0113) and growth rates were 
stimulated with 50 mM Na+ 80[ ]. 
Spectrophotometric titration of 45 µM 
flavodoxin at pH 6.8 revealed that the protein 
can be completely reduced by 5 mM titanium 
(III) citrate. To the reaction mixture 0.3 mM 
NAD+
 
Figure 7. Formation of NADH measured at 340 nm, using 
reduced flavodoxin, NAD+ and membrane extracts of A. 
fermentans 
 Alternatively, flavodoxin was completely 
reduced by electron bifurcation with 2 min as 
revealed UV-spectroscopy (Fig. 8). After 
addition of 100 µg membrane extract the blue 
neutral semiquinonic form of flavodoxin with 
characteristic absorbance maxima at 500 and 
578 nm was observed, which didnot change to 
the quinone form on addition of excess 
membrane extract (Fig. 8).  
 was added and observed for any rise in 
absorbance at 340 nm. Rapid increase in the 
absorbance signifying NADH formation was 
observed on addition of 150 µg of membrane 
extract (Fig. 7). This shows that reduced 
flavodoxin can oxidize NADH catalysed by 
membrane extracts containing Rnf. Control 
experiments without flavodoxin, showed a very 
slow increase of absorbance at 340 nm and 
omission of titanium (III) citrate from reaction, 
showed no formation of NADH.  
 
Figure 8. UV-vis absorption spectrum of flavodoxin of A. 
fermentans (reduced and oxidized). Black, oxidized Fld; Green, 
Fld after bifurcation reaction; Red, reduced Fld after addition of 
100 µg of membrane extract. 
This is due to the fact that the 
semiquinone/hydroquinone couple of flavodoxin 
has a redox potential of -420 mV which allows 
the electron to be transferred to NAD+ having a 
redox potential of -320 mV for the 




NADH/NAD+ couple. Once one electron has 
been transferred from the hydroquinone form of 
flavodoxin, the redox potential of the 
semiquinone falls to -60 mV from which it 
cannot transfer anymore the electron to the 
NAD+
In summary, this work knits up the story, how 
under iron limiting conditions bacteria can 
replace ferredoxin by flavodoxin which has been 
demonstrated by both biochemical and 
spectroscopic experiments. Besides the reductive 
activation of 2-hydroxyglutaryl-CoA 
dehydratase, we have identified additional steps 
in the metabolism of glutamate fermentation by 
A. fermentans where flavodoxin can replace 
ferredoxin. In the reduction of crotonyl-CoA to 
butyryl-CoA by flavin based electron bifurcation 
flavodoxin can substitute ferredoxin as electron 
acceptor. The reduced flavodoxin (hydroquinone 
form) then transfers one electron for the 
formation of NADH to the Na
. Thus the reduced flavodoxin on re-
oxidation with the Rnf is observed in the 
semiquinone form, the colour of which is blue 
and can be identified by the naked eye. 
Discussion 
+ pump (Rnf) 
present in the membrane, which gives rise to the 
blue semi-oxidized flavodoxin (semiquinone 
form). We have been able to provide the answer 
to the question, why flavodoxin purified under 
anaerobic conditions was found to be blue. 
Taking the example of our study, flavodoxin 
once reduced to the hydroquinone form by 
electron bifurcation is assumed to be oxidized by 
Rnf to its semiquinone form. Pertaining to its 
high redox potential of -60 mV, it cannot further 
be oxidized by NAD+ due its much lower redox 
potential of -320 mV. So it becomes clear that 
the semiquinone form now becomes the electron 
acceptor for ongoing metabolic processes and 
then reoxidized again by Rnf. The sodium 
gradient so formed by the reoxidation of 
flavodoxin hydroquinone maintains the energy 
balance by refluxing the Na+ ions inside the cells 
for the synthesis of ATP by a chemiosmotic 
mechanism. Thus we see the energy balance is 
well maintained and no growth difference in our 
model system A. fermentans during its growth in 
high and low iron concentrations. 
This finding can further be extended to study 
other bifurcating systems where ferredoxin is an 
integral part. Unlike ferredoxin, flavodoxin 
being an oxygen tolerant enzyme is easy to 
handle. This also opens up the field to further 
study how electrons are shuttled from NADH to 
flavodoxin via Etf. 
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2.3.1 Electron transferring flavoprotein and reactive oxygen species 
Summary 
Megasphaera elsdenii a strict anaerobic bacteria uses lactate as a sole energy source for thriving in rumen 
of homothermic animals. It ferments lactate to propionate, acetate, butyrate and valerate. Butyrate is 
formed by the reduction of crotonyl-CoA with NADH via the dissociable Etf/Bcd complex. Though the 
reaction is same as in case of A. fermentans, but in older reports the requirement of ferredoxin was not 
necessary. M. elsdenii and A. fermentans are very closely related species belonging to the phyla 
Firmicutes and the Etf from both the species are 50% indentical. In this study we re-examined the 
characteristics of the Etf-Bcd complex using recombinant protein produced in E. coli. 
 
We found that under anaerobic condition the Etf/Bcd behaves similar to the clostridial bifurcating Etf/Bcd 
complex which required oxidized ferredoxin to reduce crotonyl-CoA by NADH. However under aerobic 
condition, oxidation of NADH was observed on addition of crotonyl-CoA and required no ferredoxin. 
Surprisingly when the substrate was replaced by product (butyryl-CoA), NADH was still oxidized. This 
strange observation made us to infer that oxygen plays the role of ferredoxin under aerobic condition. 
However this reaction is not a typical physiological reaction as when limiting amounts of the substrate 
was added to excess of NADH, a complete oxidation of NADH was achieved. Under aerobic condition a 
continuous oxidation and reduction of the substrate to the product and vice-versa leads to the complete 
oxidation of NADH. Reduction of the substrate with NADH under aerobic condition gives rise to reactive 
oxygen species and finally to hydrogen peroxide. Using superoxide dismutase in the reaction assay 
mixture we have shown 50% inhibition of the activity can be observed. This indicates the presence of 
intermediate oxygen radical which can be trapped by the superoxide dismutase, finally slowing down the 
rate. 
 












The strictly anaerobic Gram-negative bacterium 
Megasphaera elsdenii ferments lactate to CO2, 
H2
48-50
, acetate, propionate, butyrate, valerate and 
traces of caproate [ , 81]. Being a member 
of the ruminal microflora and a model organism 
for anaerobic metabolism, M. elsdenii has been 
of great interest and its catabolic pathway has 
been extensively studied [49, 82, 83]. Lactate is 
oxidized to acetyl-CoA via pyruvate while 
simultaneously lactyl-CoA is reduced to 
propionyl-CoA via acrylyl-CoA. Butyrate, 
valerate and caproate are synthesized by 
reversed β-oxidation from acetyl-CoA and 
propionyl-CoA. 
Already in 1964, Baldwin and Milligan [84] 
showed that the electron transferring 
flavoprotein from M. elsdenii (EtfMe) functions 
in the formation of the short chain fatty acidsby 
transferring electrons from NADH to butyryl-
CoA dehydrogenase (BcdMe) that catalyzes the 
reduction of enoyl-CoA to the saturated acyl-
CoA derivatives. Since then, EtfMe
83
 has been 
purified and characterized several times [ , 85-
87]. The genes encoding the two different 
subunits (etfAB) were also cloned and expressed 
[88]. The pathway of electron transport has been 
proposed to occur via equations 1-3: 
(1) NADH + 2 Etf→ NAD+ + 2 Etf•−+ H+ 
(2) 2 Etf•−+ Bcd→2 Etf+ Bcd2− 
(3) Bcd2− +2 H+ + crotonyl-CoA→Bcd+ butyryl-
CoA;  
(4) Sum (1+3): NADH + H+ + crotonyl-CoA 
→NAD++ butyryl-CoA. 
 




the anaerobic bacterium Acidaminococcus 
fermentans that is related to M. elsdenii; both are 
Gram-negative cocci classified as Negativicutes 
among the order Clostridiales [89].We found 
that EtfAf and BcdAf
35
 coupled the electron 
transport from NADH to crotonyl-CoA to the 
simultaneous reduction of ferredoxin by NADH 
(eqn. 5) [ ]. Hence the exergonic reduction of 
crotonyl-CoA (E0
14
' = −10 mV) by NADH (E' = 
−280 mV) drives the endergonic reduction of 
ferredoxin (E' = −500 mV), a process called 
flavin-based electron bifurcation [ , 15, 20]. 
(5) Crotonyl-CoA + 2NADH + 2 Fd−→Butyryl-
CoA+ NAD+ +2 Fd2− 
The crystal structure of EtfAf revealed the 
presence of two FAD, each in one subunit of the 
heterodimeric Etf. Spectroscopic and modeling 
studies led to a mechanistic proposal, in which 
NADH reduced the FAD of the β-subunit (β-
FAD) by a hydride transfer.  The FAD of the α-
subunit (α-FAD) swings to the β-FADH− and 
takes one electron to be reduced to a stabilized 
α-FAD semiquinone anion (α-FAD•−) whereas 
the other electron at the β-FADH• is not 
stabilized and immediately reduces ferredoxin. 
α-FAD•− transfers its electron further to D-FAD 
of Bcd. After a second electron bifurcation the 
completely reduced D-FADH−
The question arose why Etf
 transfers a 
hydride to crotonyl-CoA and butyryl-CoA is 
formed. 
Me/BcdMe does not 
couple the reduction of crotonyl-CoA to the 
reduction of ferredoxin as does EtfAf/BcdAf. A 
closer look revealed, however, that the studies 
with EtfMe/BcdMe were all done under aerobic 
conditions, whereas studies with EtfAf/BcdAf 
using the oxygen-sensitive ferredoxin were 
performed under strict anaerobic conditions. Re-
investigation of the EtfMe/BcdMe system indeed 
showed that under air reduction of crotonyl-CoA 
to butyryl-CoA was achieved by NADH alone, 
but interestingly no activity was found under 
anaerobic conditions unless ferredoxin was 
Generation of reactive oxygen species by flavin-based electron bifurcation. 
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added. This led us to realize that oxygen serves 
as the electron acceptor replacing ferredoxin. 
Like EtfAf/BcdAf, EtfMe/BcdMe 
Crotonyl-CoA and butyryl-CoA were synthesized 
by acylation of CoASH in aqueous 1 M KHCO
turnedout to act 
as an electron bifurcating system which under 
airgaverise to the reactive oxygen species (ROS) 
superoxide and hydrogen peroxide. 




using 1 M crotonic anhydride or butyric anhydride 
in acetonitrile with a slight molar excess. After 
acidification the CoA-thioesters were purified 
over C18 columns and stored as lyophilized 
powders at −80 °C[ ]. The concentration of 
crotonyl-CoA was calibrated by the NAD+
27
-
dependent β-oxidation to acetyl-CoA and 
acetylphosphate as described for the assay of 
glutaconyl-CoA decarboxylase[ ]. HPLC of 
crotonyl-CoA and butyryl-CoA was performed on 
a C18 Kinetex column (5µm particle size, 100 Å 
pore size, 250 × 4.6 mm, Phenomenex, 
Aschaffenburg, Germany) at a flow rate of 1 
ml/min in 50 mM KH2PO4
The ferricenium (Fc
 pH 5.3 and 5% 
acetonitrile. During 20 min a linear gradient up to 
60% acetonitrile was applied. 
+) solution for the Bcd 
assay was prepared in 10 mM HCl to a final 
concentration of 2 mM set at 617 nm with ε617 = 
0.41 mM-1cm-1 90[ ].Protein concentrations were 
estimated with the Bradford assay [75] (Biorad-
Microassay reagent, Bio-Rad-Laboratories, 
Munich, Germany). Bovine serum albumin 
(Sigma, Germany) was used as standard. SDS-
PAGE was performed as described by Laemmli 
[76]. 
Detection of EtfMe and Bcd
M. elsdenii (DSM 20460) was grown in a 10 L 
lactate medium under anaerobic conditions at 37 
°C as described previously [
Me 
91]. Wet packed 
cells (10 g) were suspended in 20 ml 50 mM 
potassium phosphate pH 7.0 (buffer A) and 
opened by three passages through at French 
press. The supernatant, obtained by 
centrifugation at 150,000 × g for 1 h at 4°Cwas 
loaded on a DEAE column and was fractionated 
with 10 column volumes of 0-100% 1 M NaCl 
in buffer A. Etf eluted from the column at 
around 19% and Bcd at 65% 1 M NaCl. The 
fractions with the highest activity (INT and 
ferricenium assays, respectively) were run on 
SDS-PAGE. 
Heterologous production of EtfMeandBcdMe. 
Genomic DNA was prepared with the 
preparation kit of Thermo Scientific, Darmstadt, 
Germany. By applying the StargateTM system 
according to the instructions of IBA, Göttingen, 
Germany, the genes Mels_2127 (Etfβ-subunit) 
and Mels_2126 (Etfα-subunit) were cloned in 
this order as one fragment. Mels_2128 (Bcd) 
was cloned as a single gene in a different vector. 
Genomic DNA of M. elsdenii was used as PCR 
template with forward and reverse primers (see 
suppl.). The PCR product was cloned into the p-
ENTRY vector and introduced into Escherichia 
coli DH5α by chemical transformation. After 
confirmation of the desired sequence, the genes 
were transferred from the donor vector to the 
expression vector pASG IBA3 and further into 
E. coliBL21 (GroEL). The recombinant cells 
were cultivated in 4 L Standard I nutrient broth 
(Merck, Darmstadt, Germany) containing 
ampicillin (100 μg/ml) and chloramphenicol (34 
μg/ml). When the O.D. (600 nm) rose to 0.5, 
both anhydrotetracycline (AHT, 0.2 μg/ml) and 
0.1 mM isopropyl thiogalactoside (IPTG) were 
added to the culture medium to induce the 
overproduction of Etf and GroEL. The cultures 
were incubated at room temperature overnight. 
After harvesting, the cells were stored at −80 °C 
until purification. 
Sequence alignment was done using Clustal W2. 
Purification of electron transferring 
flavoprotein (EtfMe) and butyryl-CoA dehydro-
genase (BcdMe
E. coli cells over-producing EtfAB
) 
Me (12gwet 
mass) were suspended in 50mM Tris-HCl/150 
mM NaCl pH 7.5 (buffer B) and disrupted by 
three passages through a French press at 500 
MPa. Cell debris and membranes were removed 
by centrifugation at 150,000 × g for one hour at 
4 °C to obtain the cell free extract. All 
purifications were performed under aerobic 
conditions at 4 °C, unless mentioned otherwise. 
The supernatant was applied on a 10 ml Strep-
tag column (IBA GmbH, Göttingen, Germany) 




which was equilibrated with buffer B. Elution of 
the protein was done with 2.5 mM D-
desthiobiotin in buffer B. The purified protein 
was concentrated by ultrafiltration and further 
purified by gelfiltration on Superdex 200, pre-
equilibrated with 150 mM NaCl in buffer A, 
concentrated and stored at −80 °C until use. 
The E. coli cells over-producing BcdMe 
were disrupted and the extract was prepared as 
mentioned above. The supernatant was directly 
loaded onto a DEAE column equilibrated with 
buffer A and fractionated with 10 column 
volumes of 0-100% 1 M NaCl in buffer A. Bcd 
eluted at 65 % of  NaCl, the fractions containing 
the protein were analyzed by SDS-PAGE, 
pooled and dialyzed against buffer A overnight. 
The dialyzed protein was concentrated by 
ultrafiltration and mixed with an equal volume 
of 2 M (NH4)2SO4 and loaded onto a phenyl-
Sepharose column pre-equilibrated with 1.5 M 
(NH4)2SO4. The protein was fractionated over a 
gradient of 100-0% 1.5 M (NH4)2SO4
Hydrogenase from Clostridium 
pasteurianum and ferredoxin from Clostridium 
tetanomorphum were prepared as previously 
reported[
. The 
obtained pure green protein was dialyzed, 
concentrated and stored at −80 °C until use. 
35]. 
Enzyme Assays 
EtfMe activity was measured in a 500 µL cuvette 
(d = 1 cm) containing 50 mM potassium 
phosphate pH 7.0, 250 µM NADH, and 100 µM 
iodonitrosotetrazolium chloride (INT). The 
formation of the red formazane was followed at 
492 nm, ε = 19.2 mM-1 cm-1 80[ ]. BcdMe activity 
was measured in 50 mM potassium phosphate pH 
7.0 with 0.2 mM ferricenium hexafluorophosphate 
(Fc+) and 0.1 mM butyryl-CoA. The decrease of 
the absorbance was followed at 300 nm, ε = 2 × 
4.3 mM-1 cm-1, because 2 mol Fc+
92
 are required to 
oxidize 1 mol butyryl-CoA [ ]. Unless otherwise 
indicated the anaerobic assay for EtfMe/BcdMe 
activity (bifurcation assay) contained 250 µM 
NADH, 100 µM crotonyl CoA, 0.5 µM EtfMe, 1 
µM BcdMe
15
, 1 µM ferredoxin, crude hydrogenase 
(30 µg/ml), and 50 mM potassium phosphate pH 
7.0 [ ]. The oxidation of NADH was monitored  
 
 
FIGURE  1. SDS-PAGE of recombinant EtfMe (A, lanes 2-3) and 
BcdMe (B, lanes 5-8) at different purification stages. Each 
contained 10 µg of protein. Lane 1 & 4, molecular mass marker. 
Lane 2, cell-free extract of E.coliproducing EtfMe. Lane 3, elute from 
Strep-tag column. Lane 5, cell free extract of E. coli producing 
BcdMe. Lane 6, DEAE-Sepharose eluate. Lane 7, Phe-Sepharose 
eluate. Lane 8, purified BcdMe
at 340 nm, ε = 6.3 mM
 after gel-filtration. 
 
-1 cm-1 93[ ]. The aerobic 
assay (bifurcation assay) was done similar to the 
anoxic assay, whereby ferredoxin and 
hydrogenase were omitted. The buffer was well 
oxygenated by repeated bubbling of oxygen 
through it. 
 The H2O2 formed by NADH oxidation via 
bifurcation was determined using the oxidation of 
2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic 
acid) (ABTS, Roche Diagnostics, Mannheim, 
Germany) catalyzed by peroxidase at 412 nm, ε = 
45 mM-1 cm-1 90[ ]. After the NADH consumption 
had ceased as measured at 340 nm, 0.2 mM ABTS 
and 10 µg horseradish peroxidase (Sigma Aldrich, 
USA) were added. Inhibition of NADH oxidation 
under aerobic conditions was done using different 
concentrations of superoxide dismutase (SOD) 
(Sigma Aldrich, USA). The SOD enzyme was 
incubated with the reaction mixture for 2 minutes 





To confirm which gene cluster was expressed 
under the conditions of lactate fermentation by 
A B 




M. elsdenii (DSM 20460) [94], the soluble 
proteins of the membrane-free extract were 
fractionated. EtfMe 
80
was kinetically characterized 
by a formazane producing NADH dependent 
assay [ ] and BcdMe by the ferricenium assay 
using butyryl-CoA as the electron donor. The 
purified proteins were identified by peptide 
mapping with MALDI-TOF mass spectrometry. 
EtfMe was found to be encoded by the genes 
MELS_2126 and MELS_2127 and BcdMe 
88
by 
MELS_2128 as reported earlier [ , 95]. EtfA 
and EtfB are composed of 338 and 270 amino 
acids, respectively, and BcdMe 
We overproduced recombinant Etf
of 383 amino 
acids.  
Me 
and BcdMe with C-terminal Strep-tags (at the 
alpha-subunit of Etf) in E.coli to obtain higher 
amounts. An earlier report stating the EtfMe
88
 to be 
toxic to the E.coli cells when overproduced 
aerobically [ ] was proved to be incorrect in 
this study. As reported earlier for the untagged 
native EtfMe 88[ ] the flavin content of was found 
to be 0.9-1.1 mol FAD/mol protein because the 
α-FAD was lost during purification. Upon 
overnight incubation with excess FAD, the 
flavin content increased to 1.8-1.9 mol FAD/mol 
protein. A similar observation was reported 
earlier for Etf from A. fermentans [35].  
Kinetic characterisation. 
 
Incubation of catalytic amounts of EtfMe and 
BcdMe with NADH and crotonyl-CoA under 
anaerobic conditions caused oxidation of NADH 
at the very low rate of 0.02 U mg−1Etf (1 U = 1 
µmol min−1). Fast oxidation of NADH, up to 0.6 
U mg−1, was only observed when catalytic 
amounts of ferredoxin (1µM) and hydrogenase 
were added to the reaction mixture (Fig. 2). The 
products of the reaction were NAD+
35
, butyryl-
CoA (confirmed by HPLC and MALDI-TOF 
mass spectrometry) and molecular hydrogen. 
These results were similar to our earlier report 
with A. fermentans [ ].Hence, EtfMe + BcdMe 
catalyzed the reduction of crotonyl-CoA to 
butyryl-CoA coupled to the reduction of 
ferredoxin (equation 5, see above), whereby 
hydrogenase recycled the oxidized ferredoxin 
(equation 6) resulting in equation 7. 
 
(6) 2 Fd2− + 2 H+⇌ 2 Fd− + H2 
 
(7) Crotonyl-CoA + 2 NADH + 2 H+ → Butyryl-


















































Figure 2. Bifurcation Assay (NADH oxidation assay under 
anaerobic condition). 1, contains 1 µM EtfMe, 0.5 µM BcdMe, 1 
µM ferredoxinCp, 30 µg hydrogenaseCt
Notably omission of Etf
, 250 µM NADH and 100 
µM crotonyl-CoA. 2, hydrogenase was omitted. 3, ferredoxin 
omitted. 4, ferredoxin and hydrogenase were omitted. 5, crotonyl-
CoA was not added. 6, butyryl-CoA added in place of crotonyl-




CoA gave no activity. No reaction was observed 
when NADH was replaced by NADPH or 
crotonyl-CoA by butyryl-CoA. The observed 
stoichiometry of NADH:crotonyl-CoA = 1.8 ± 
0.1 was similar to our earlier report with A. 
fermentans. Ttitration of Etf with Bcd increased 
the rate of NADH oxidation until the optimal 
ratio of Etf:Bcd (tetramer) = 2:1 was obtained 
(Fig. 3). The ratio agrees well with that seen in 
the non-dissociable Bcd-Etf complexes of C. 
kluyveri [ ], C. difficile [34], C. 
tetanomorphum [33] and also with the 
dissociable Bcd-Etf system from A. fermentans 
[35]. 
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Figure 3. Dependence of the specific activity of NADH 
oxidation(µmol of NADH/mg of EtfMe)on the concentration of 
the BcdMe monomer. Each assaycontained 0.5 µM EtfMe, 1 µM 
ferredoxin and hydrogenase (30 µg/ml). 




To prove the tight coupling of ferredoxin 
reduction with the reduction of crotonyl-CoA, 
stoichiometric amounts of ferredoxin (15 µM) in 
the absence of hydrogenase were used. The 
observed visible spectra in the range of 400-500 
nm indicated a complete reduction of the 
ferredoxin irrespective whether the reduction 
was performed enzymatically by 
NADH/crotonyl-CoA mediated by EtfMe/BcdMe 
20
or chemically by dithionite (Fig. 4). These 
results were similar to those reported for other 




Figure 4. Complete reduction of 15 µM ferredoxin in the 
bifurcation assay without hydrogenaseSolid line, spectrum of 
oxidized ferredoxin before starting the bifurcation; broken line, 
excess dithionite added; dotted line, after bifurcation terminated 
due to limiting amounts of ferredoxin  
 
 Under aerobic conditions, however, 
EtfMe/BcdMe catalyzed the oxidation of NADH 
in the presence of crotonyl-CoA at an even faster 
rate (1.0 U mg−1; Fig. 5) than that observed in 
the absence of oxygen (0.6 U mg−1; Fig. 2). 
Furthermore, NADH was consumed at the same 
rate when crotonyl-CoA was exchanged by 
butyryl-CoA. MALDI-TOF mass spectrometry 
and HPLC indicated that regardless whether 
crotonyl-CoA or butyryl-CoA was initially 
present, always a mixture of both CoA-
derivatives was obtained. These experiments 
match with the older data, which were 
interpreted as a reduction of crotonyl-CoA by 
NADH mediated by EtfMe/BcdMe
85
. In this earlier 
work, however, the product butyryl-CoA was 
not identified, nor was crotonyl-CoA replaced 










































Figure 5.NADH oxidation assay under aerobic condition.1, 
contains 1 µM EtfMe, 5 µM BcdMe,250 µM NADH and 100 µM 
crotonyl-CoA. 2, crotonyl-CoA is replaced by butyryl-CoA. 3, 
CoA ester omitted. 4, 5 µM BcdMe and 250 µM NADH.5, 1 
µM.EtfMeand 250 µM NADH. 
 
We hypothesize that under aerobic 
conditions oxygen replaces ferredoxin and 
instead of reduced ferredoxin, H2O2 is formed. 
The overall reaction can be written as shown in 
equation 8. 
 
(8) Crotonyl-CoA + 2 NADH + 2 H+ + O2 → 
Butyryl-CoA + 2 NAD+ + H2O2.  
The formed hydrogen peroxide was analyzed by 
the peroxidase/ABTS assay (Table 1). The data 
show that the formed H2O2 equals roughly the 
amount of oxidized NADH. Closer inspection 
reveals that crotonyl-CoA yields less H2O2 than 
butyryl-CoA, especially at higher 
concentrations. According to equation 8, 
however, the oxidation of NADH with crotonyl-
CoA via electron bifurcation should yield only ½ 
H2O2 for 1 NADH. Hence, a second source of 
H2O2 must be present in this system, possibly 
Bcd. After incubation of Bcd with butyryl-CoA 
for 5 min, ABTS and peroxidase were added 
(Fig. 6A). There was a very rapid absorbance 
increase at 412 nm, followed by a slower 
decline, indicating the formation of H2O2 
according to equation 9. The immediate 
absorbance decrease was due to the concomitant 
action of ABTS as electron acceptor of Bcd.  
This was shown under anaerobic conditions by 
oxidizing ABTS with H2O2, followed by 
addition of Bcd and butyryl-CoA, which resulted 




















Figure 6. Decolorization of oxidized ABTS. A, on incubation of 
butyryl-CoA with Bcd
 formed at two different 
concentration of NADH (250/50 µM). Increasing concentration 
of CoA ester was added to the assay mixture. 
Me, reaction started by addition of horse 
radish peroxidase.B, color formed by hydrogen peroxide and 
ABTS/HRP, BcdMe added after color stabilization, rapid decline in 
color observed on addition of butyryl-CoA. 
 
If indeed oxygen has replaced ferredoxin, which 
is reduced by one electron, superoxide must 
have been an intermediate in the bifurcation of 
the two electrons from NADH via Etf. To 
confirm this, we added superoxide dismutase 
(SOD, equation 10) to the reaction mixture.  
 
(10) 2 O2●− + 2 H+→ H2O2 + O
Catalytic amounts of Etf
2  
Me and BcdMe were 
incubated with NADH and increasing SOD 
concentrations. After addition of crotonyl-CoA, 
the rate of NADH oxidation decreased, 
maximally by 50% (Fig.7). These results 
indicate that oxygen is reduced in two steps; one 
electron is donated to O2 to give O2●−. In the 
second round, O2●− acts as a thermodynamically 
(O2●−/H2O2, E0' = +940 mV) and presumably 
also kinetically much better electron acceptor 
than O2 (O2/O2●−, E0 97= −330 mV [ ] or −160 
mV [98]leading to H2O2
 
 
Figure 7.Inhibiton of NADH oxidation by SOD. Maximum 50%  
decrease in oxidation of NADH under aerobic condition observed 
with varying concentration of superoxide dismutase  
 
 The action of SOD can be described by 
assuming that the rate of oxygen reduction v
. 
ox = 
k1 [O2] is much smaller than the rate of 
superoxide reduction vsu = k2 [O2●−]. Hence the 
slow reduction of oxygen is followed by a very 
fast reduction of superoxide resulting in the total 
rate v tot' = vox. Removal of superoxide by SOD 
decreases vsu; when it becomes equal to vox or 
lower, the slow oxygen reduction takes over, 
resulting in v tot'' =½vox or in an apparent 50% 







250 50 250 50 
25 250 65 235 39 
50 260 59 229 37 
75 256 60 211 34 
100 263 59 188 35 
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The UV-visible absorption spectrum of EtfMe 
under aerobic conditions exhibited two peaks at 
375 and 450 nm similar to that of FAD. 
Stepwise addition of 2.5 µM amounts of NADH 
to 10 µM Etf (containing around 18 µM FAD) 
under anaerobic conditions and in absence of 
Bcd (Fig. 8A) revealed a shift in the absorption 
peak at 375 to 370 nm; similar observations 
were made with Etf from A. fermentans (EtfAf) 
and EtfMe 35[ , 86, 87]. Although a pronounced 
rise in the 370nm peak was observed when holo 
EtfMe 87 was titrated at pH 6 with NADH [ ], only 
a small rise was observed in this study. An 
interesting observation was made when Etf was 
titrated in presence of Bcd. The absorption of the 
anionic semiquinone at 370 nm was much more 
pronounced, similar to our earlier report [35] 
(Fig. 8B). The peak reached its maximum at the 
ratio NADH/FAD around 1/2. 
 
A titration of Etf/Bcd with butyryl-CoA also 
showed a stable anionic semiquinone peak at 
370 nm with a similar intensity (Fig. 8C) as 
observed in the titration Etf/Bcd with NADH. 
This indicates that EtfMe
 
 is also able to act as 
electron acceptor of acyl-CoA dehydrogenases 





Figure 8 (A,B,C) Formation of stable red anionic FAD 
semiquinones. A,10 10 µM Etf NADH was added stepwise : 0 
(black),2.5 (red),5 (deep green),7.5 (blue),10 (magenta),12.5 
(brown),15 (mustard), 17.5 (violet),20 µM ( fluorescent green). B, 
10 µM Bcd subunit (red) and 10 µM Etf, NADH, added stepwise: 
0 (blue), 2.5 (violet), 5 (deep green), 7.5 (light green), 10 (grey), 
12.5 (brown), 15 (pink), 17.5 (dark green), 20 (magenta), 22.5 
(ash), 27.5 (saffron), 32.5 µM (sky blue). C, same as B but instead 
of NADH , 100 µM butyryl-CoA was added.   
  
Sequence alignment 
FAD binding in human Etf (EtfHu
99
) has been 
extensively studied [ ]. As most Etfs from 
aerobic and facultative bacteria, EtfHu contains 
only one FAD which corresponds to α-FAD in 
EtfMe, whereas at the place of β-FAD only AMP 
is present in the molecule. The binding of the 
FAD in EtfHu involves eighteen residues within 
hydrogen bonding distances. This α-FAD 
binding site has been conserved mostly in all the 
sequenced Etfs, 13 residues are highly conserved 
(yellow and red highlighted) irrespective of the 
two FAD or one FAD containing Etfs. The 
notable differences compared to the human Etf 




and M. elsdenii is at the residues binding the 
AMP part of the α-FAD, Lysα226in EtfHu is 
replaced by Asnα225. The residues binding the 
isoalloxazine ring of the FAD remain the same 
except the human Tyrβ16, which interacts with 
C8-CH3, is replaced by Thrβ12in M. elsdenii 
and in all other bifurcating Etfs. In EtfHu the C2 
carbonyl oxygen atom of FAD is H-bonded to 
Hisα286 which is conserved in M. elsdenii 
(Hisα287) and other Etfs (marked in red).This 
histidine stabilizes the red anionic semiquinone, 
visible during titration of Etf-Bcd with NADH. 
Further stabilization also comes from Argα250 
and Thrα267 (highlighted inred)as compared 
with EtfHu and EtfAf 35[ , 99].A close comparison 
of EtfMe with EtfAf 
The crystal structure of Etf
also shows the same 
arrangement of amino acids around the FAD 
proving that the architecture of the region 
around the α-subunit has been conserved across 
different species. 
Af revealed the second 
flavin binding site at the β-subunit. Since EtfMe 
also binds a second FAD, it is worthwhile to 
find similarities in the binding domains of β-
FAD. It was found in EtfAf  
35
that the planar 
tricyclic isoalloxazine ring is flanked from the 
si-face by Thrβ125, Glyβ123, Argα146 and 
Alaα148 and from the re-face by Ileα157, 
Thrβ221 and Valβ223 [ ]. On comparing the 
sequence of EtfMe with those of other bifurcating 
Etfs, all of these residues are highly conserved 
(highlighted in ash). Other identical residues in 
EtfAf and EtfMe 
100
around β-FAD are Leuα127, 
Alaα148, and Thr-β94, which are also conserved 
in other bifurcating Etfs. Interestingly, on 
comparison of the sequence with the structure of 
the Etf from Paracoccus dentrificans [ ], Ser-
β62, Gly-β120, Lys-β121 interacting with the 
AMP moiety (highlighted in yellow) were 
similar to EtfMe
 
 were conserved. The Lys-β121 
from P. denitrificans is replaced by Arg in A. 
fermentans and C. kluyveri and C. difficile 
(conservative change). Taking all conserved 
residues, a specific region within this β domain: 
-GR(K)QAIDGDTAQVGPE(Q)- arises 
(highlighted in red) which is specially conserved 
for 2 FAD containing and bifurcating Etfs. This 
sequence can be regarded as a signature for the 
bifurcating Etfs. 
A 









Baldwin and Milligan [84] demonstrated that 
partially purified Etf and Bcd from M. elsdenii 
catalyzed the reduction of crotonyl-CoA by 
NADH without adding ferredoxin. Since then 
EtfMe
85
 became one of the well-studied Etfs and 
over a dozen papers [ , 86, 88] have been 
published on this issue. Whereas all known Etfs 
act as one-electron acceptors for acyl-CoA 
dehydrogenase and act as electron carrier to the 
membrane-bound Etf-quinone oxidoreductase, 
EtfMe was the only Etf that is reduced by NADH 
and carries the electron to Bcd. We became 
interested in this work, when we established the 
related EtfAf 35 as bifurcating protein [ ].This led 
us to re-investigate EtfMe and BcdMe
We cloned the genes encoding Etf
. 
Me and 
BcdMe and expressed them as Strep-tagged 
proteins in E. coli. The sequence analysis of 
EtfMe revealed 50% identity to that of EtfAf
Furthermore the sequence analysis 
showed no significant differences between the 
free Etfs as are Etf
. This 
was not surprising since M. elsdenii and A. 
fermentans both belong to the Negativicutes. But 
also the sequences of the other bifurcating Etfs 
from clostridia and Acetobacterium woodii 




, and the 
clostridial and acetogenic Etfs, which form tight 
complexes with their corresponding 
dehydrogenases. [ ]. All these bifurcating Etfs 
contain a second FAD located between the β-
subunit (domain III) and domain I of the α-
subunit. The amino acid residues of the β-
subunit, interacting with the isoalloxazine ring 
of this β-FAD, form a conserved stretch of ten 
amino acids, which can be used as a signature 
for a bifurcating Etf. 
The spectroscopic and kinetic 
characterizations of EtfMe under anaerobic 
conditions revealed no significant difference to 
EtfAf. Upon addition of NADH the Etfs 
transiently form an anionic semiquinone, which 
is more pronounced in the presence of their 
cognate butyryl-CoA dehydrogenase (Bcd), 
whereby the optimum ratio of heterodimeric Etf: 
tetrameric Bcd has been determined as 2:1. 
Together with their Bcd, Etfs couple the
B 





Figure 10. Proposed mechanism of H2O2 formation during bifurcation under aerobic conditions (Blue and 
green arrows represent two electron and once electron transfer) 
exergonic reduction of crotonyl-CoA to butyryl-
CoA (E0'= −10 mV) by NADH (E' = −280 mV) 
to the endergonic reduction of ferredoxin (E0' = 
−420 mV) by NADH. Thereby ferredoxin is 
almost completely reduced and approaches E' = 
−500 mV. The reduced ferredoxin can be used 
for formation of hydrogen and for energy 
conservation via the Na+
Closer examination of the Etf
-pumping ferredoxin-
NAD reductase also called Rnf. 
Me literature 
revealed that all reductions of crotonyl-CoA by 
NADH were done under aerobic conditions. 
Therefore we repeated the bifurcation 
experiment with EtfMe, BcdMe, NADH and 
crotonyl-CoA in air-saturated water and found 
no requirement for ferredoxin, but we observed 
the formation of H2O2. Addition of increasing 
amounts of SOD inhibited the oxidation of 
NADH up to 50% indicating a slow reduction of 
O2 to superoxide (O2•−) followed by a fast 
reduction of the latter to H2O2 (see Results 
section). Replacement of ferredoxin by O2 in the 
bifurcation process could explain these data. In 
reality, the system is more complex, since 
according to equation 8 the reduction of 25 µM 
crotonyl-CoA should require 50 µM NADH and 
yield 25 µM H2O2, but 250 µM NADH have 
been consumed and 250 µM H2O2 have been 
measured. Only the limiting amounts of 50 µM 
NADH approach the expected stoichiometry of 
close to 25 µM H2O2 (Table 1). Furthermore, 
the stoichiometry of NADH/H2O2 close to 1.0 
was observed with butyryl-CoA as substrate. 
Hence the reaction must go backwards. The 
formed butyryl-CoA is oxidized again to 
crotonyl-CoA and the electrons return one by 
one from D-FADH− of Bcd to α-FAD of Etf. 
The obtained α-FAD•−transfers its electron via 
β-FAD to O2or O2•−. Thus two H2O2 are formed 
per oxidized NADH, one in the forward 
direction and the other in the reverse reaction, 
which agrees with our measurements (Table 1). 
Now crotonyl-CoA is reduced again by NADH 
and the resulting butyryl-CoA is re-oxidized 
until all NADH is consumed. Therefore, in the 
presence of catalytic amounts of crotonyl-CoA 
or butyryl-CoA, Etf/Bcd can be regarded as a 
NADH oxidase (H2O2
An alternative explanation for the NADH 
oxidase activity could be the formation of H
 forming; EC 1.6.3.3). 
The obtained mixtures of crotonyl-CoA and 
butyryl-CoA after NADH consumption agree 
well with this concept. 
2O2 
at D-FAD− of Bcd (Fig. 10 ), as observed with 
butyryl-CoA and ABTS in the absence of Etf 
and NADH (Fig. Y). There are three arguments 




against this explanation. (i) The redox potential 
of D-FAD is too high for the reduction of O2to 
O2•−, whereas a direct reduction to H2O2 is 
possible. If β-FADH• would reduce O2to O2•− 
and D-FAD−would reduce O2to H2O2, the 
inhibition by SOD should be only 25% rather 
than 50%. (ii) D-FADH•or D-FAD−should also 
react with O2 before the electrons reduce 
crotonyl-CoA, which is not observed. (iii) Etf 
should protect D-FAD− from the reaction with 
oxygen, because α-FAD•− of Etf reversibly 
transfers one electron to D-FAD or to D-FADH•. 
The use of oxygen as electron acceptor in 
the bifurcation by Etf/Bcd readily explains the 
earlier data on the presumed ferredoxin 
independent reduction of crotonyl-CoA to 
butyryl-CoA by NADH. As HPLC of CoA 
thioesters was not well established in these days, 
the authors never measured whether crotonyl-
CoA was indeed reduced to butyryl-CoA. 
Furthermore, they never tried to use the believed 
product butyryl-CoA as substrate. In contrast to 
all other established bifurcating systems, Etf/Bcd 
has the extraordinary property of being 
insensitive to oxygen, because it contains no 
iron-sulfur cluster. Therefore it is an ideal 
system to study the formation of reactive oxygen 
species by flavin-based electron bifurcation 
(FBEB), which can be regarded as an “Achilles’ 
heel” of anaerobic bacteria. Preliminary results 
with Etf/Bcd from A. fermentans indicate that 
the NADH oxidase activity is not a specialty of 
M. elsdenii. Furthermore, the tight Etf/Bcd 
complex from C. difficile also produces ROS 
under air. 
ROS are well-known to be formed in the 
mitochondrial respiratory chain. The responsible 
enzyme complexes also bifurcate, FBEB in 
complex I and quinone based electron 
bifurcation (QBEB) in complex III. Hence, 
electron bifurcation appears to be the main 
source of ROS in biology. 
The results presented in this work have 
also implications on the pathway of lactate 
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2.3.2 Lactate dehydrogenase of Megasphaera elsdenii 
Summary 
The first step of lactate to pyruvate oxidation in M. elsdenii is done by the enzyme D-lactate 
dehydrogenase. Here we present initial results of an on-going project, where we have purified the 
D-lactate dehydrogenase (D-Ldh) from the cell free extracts of M. elsdenii and show that the 
electrons from D-lactate can be transferred to the electron transferring flavoprotein (Etf) by the 
purified enzyme D-Ldh in a stepwise manner. Etf can then carry single electron one by one to the 
butyryl-CoA dehydrogenase (Bcd) where crotonyl-CoA is reduced to butyryl-CoA. In the intial 
results presented we find that the Etf can not only bifurcate electrons as presented earlier but also 
can shuttle single electrons like classical type Etf to the Bcd. This is however a very short study 
to draw any final conclusion. The intial results are presented in a manuscript format to keep 























Megasphaera elsdenii, an obligate anaerobic 
bacterium, ferments D,L-lactate mainly to 
acetate, propionate, butyrate, valerate and traces 
of caproate [48]. In the initial steps of the 
fermentation pathway, D-lactate is oxidized to 
pyruvate and further to acetate with ATP 
generation. L-Lactate is converted to D-lactate 
by a soluble lactate racemase [83, 101]. Using 
partially purified preparations it has been shown 
that the electron transferring flavoprotein (EtfMe
83
) 
acts as oxidant of D-lactate and carries the 
electrons to the electron sink butyryl-CoA 
dehydrogenase [ ]. Hence, in the oxidation of 
lactate, EtfMe 
99
is proposed to act similar to the 
Etfs from mammalian sources and bacteria like 
Paracoccus denitrificans [ , 100], which 
contain one FAD and one AMP per heterodimer 
of the enzyme. The Etfs from these sources 
function in shuttling single electron from the 
interacting acyl-CoA dehydrogenases to the 
membrane quinone pool. Thus EtfMe should also 
transport one by one electron from the lactate 
dehydrogenase to the butyryl-CoA 
dehydrogenase. In Chapter 3A, however, EtfMe 
has been shown to be a bifurcating protein with 
two FAD at different positions. Now the 
question arises, how EtfMe
 
 
Here we present a short study in which we have 
purified lactate dehydrogenase from the cell 
extracts of M. elsdenii and using UV-visible 
spectroscopy we present initial evidences that 
Etf
 balances between 




All purification steps were carried out under 
aerobic conditions unless mentioned. Ten g of 
M. elsdenii wet cells were dissolved in 100 mM 
phosphate buffer pH 6.5 and disrupted in a 
French press. Unbroken cells and membranes 
were removed by centrifugation of the cell 
extract at 300,000 × g for one hour. The 
membrane free extract was then filtered and 
loaded onto a 60 ml DEAE column which was 
pre-equilibrated with 50 mM phosphate buffer 
pH 6.5 + 1 mM DTT (Buffer A).After loading, 
unbound proteins were washed out with 
2column volumes (CV) of Buffer A and elution 
was achieved in 10 CV 0%-100% 1M NaCl in 
buffer A. The fractions, which showed the 
highest activity in the ferricenium assay, eluted 
at 0.35 M NaCl in Buffer A. The active fractions 
were pooled, concentrated and diluted with 30 
mM phosphate buffer pH 6.5 to a final volume 
of 20 ml.This 20ml protein was mixed with 
equal volume of 3 M (NH
 in combination with Ldh transfers single 
electrons similar to mammalian Etfs.  
Results 
Purification of lactate dehydrogenase 
4)2SO4 to get a final 
concentration of 1.5 (M) (NH4)2SO4. After the 
Lactate dehydrogenase and electron transferring flavoprotein of  
Megasphaera elsdenii 
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proteins were bound to the phenyl-Sepharose 
matrix, it was washed with 2 CV of 1.5 M 
ammonium sulphate in buffer A. The proteins 
fractions with the highest activity eluted in a 
reverse gradient from 100%-0% 1.5 M 
ammonium sulphate at 1.20 M ammonium 
sulphate. The protein with highest activity was 
again concentrated and separated over a 120 ml 
Superdex 200 gel filtration column to 
homogeneity. The fractions were loaded into a 
SDS gel revealing different grades of purity of 
the protein and were further analyzed via 
MALDI-TOF mass spectrometry. 
Protein detection by ferricenium assay 
Lactate dehydrogenase activity was measured 
with ferricenium hexafluorophosphate (FcPF6) 
as an artificial electron acceptor (ferricenium 
assay). The reaction mixture contained 50 mM 
phosphate buffer pH 7, 0.5 mM FcPF6 and 1 
mM D,L-lactate as an electron donor. The FcPF6 
was previously prepared in a 10 mM HCl 
solution to a final concentration of 5 mM set at 
617 nm (ε617= 0.1 mM-1cm-1 102) [ ]. During the 
catalysis by the lactate dehydrogenase, 
ferricenium ions get reduced to ferrocene with a 
decrease in the absorbance at the more sensitive 
wavelength at 300 nm (ε300= 4.3 mM-1cm-1
A very high specific activity of 280 U/mg of 
protein was reported by Brockman and Wood 
[
). 
83, 101] for the Ldh and it was shown that the 
protein was zinc dependent. However Olson and 
Massey [103] found with DCIP assay much 
lower specific activity of 20 U/mg of protein and 
showed that using EDTA in purification buffer 
resulted in complete loss of enzyme activity. The 
role of zinc in this enzyme is still obscure but 
absolutely necessary as the zinc depleted 
enzyme is reduced very slowly by D-lactate. In 
this study we found the specific activity of 2 
U/mg protein with the ferricenium assay which 
can be accounted for the loss of zinc during 
purification. The protein was reconstituted with 
FAD before the gel filtration step by incubating 
the protein with molar excess FAD overnight at 
4°C. 
 
A 35-fold purification was obtained from M. 
elsdenii cell extracts over 3 different columns as 
shown below: 
 
Fig. 1.Purification of D-lactate dehydrogenase from M. 
elsdenii.Lane M: marker proteins, lane 1: membrane-free extract; 
lane 2: After DEAE-Sepharose column; lane 3: After phenyl-
Sepharose column; lane 4: After gel filtration (15µg protein loaded 
in each well) 
Spectroscopic Analysis 
UV-visible spectroscopy of the purified protein 
showed two different peaks at 372 and 446 nm. 
The flavin content was calculated to be 0.7 using 
anFAD extinction coefficient of ε = 11.3 mM-
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Fig. 2.UV-visible absorption spectrum of 20 µM lactate 
dehydrogenase of M. elsdenii 
Titration of EtfMe with NADH revealed that the 
ratio of NADH to completely reduced Etf is 2:1 
(Chapter 3A) and the red anionic semiquinone 
can only be stabilized onto the α-FAD in the 
presence of the butyryl-CoA dehydrogenase. In 
this study we titrated the Etf in presence of both 
high and catalytic amounts of LdhMe. In 
presence of 1 µM LdhMe and 10 µM EtfMe, the 
peak at 370 nm reached maxima at 16 µM D,L-
lactate which hints that the red semiquinone 
form of the EtfMe has been reached which is not 
quenched even upon further addition of 200 µM 
D,L -lactate in excess (Fig. 3A). A similar 
observation was obtained when equimolar 
amounts of 10 µM LdhMe and 10 µM EtfMe were 
titrated with D,L–lactate. Even addition of 
200µM D,L -lactate did not completely reduce 
the flavin spectrum (Fig. 3B). Whereas in our 
earlier observations when 10 µM Bcd and 10 
µM EtfMe was titrated with NADH, a molar 
excess of NADH completely reduced the flavin 
spectra unlike in this case. We speculate that 
since lactate/pyruvate couple has a redox 
potential of -190 mV, a single electron transfer 
to the α-FAD of Etf somehow decreases the 
redox potential of the α-FAD●−/FADH− couple 
to much lower than -200 mV, which inhibits the 
second electron transfer to completely reduce the 
α-FAD to α-FADH─
Now the single electron at the α-FAD
. 
●− is 
further transferred to the Bcd. After arrival of 
the second Etf●−
83
the crotonyl-CoA is reduced 
tobutyryl-CoA. We have initial results 
determined by MALDI-TOF analysis (data not 
shown) which needs further investigation. 
Hereby the oxidation of lactate to pyruvate uses 
Bcd as an electron sink. Brockman & Wood 
showed with their experiments that 3.5 mg of 
Bcd could be reduced completely with 0.078 
units of D-lactate dehydrogenase, 0.2 mM of D-
lactate and 0.9 µg of Etf [ ]. This supports our 
initial MALDI-TOF data that indeed a single 
electron transfer in achieved via the Etf which 
finds the Bcd as an electron acceptor for the 
reduction of crotonyl-CoA to butyryl-CoA.  
 
Fig.3. Formation of stable anionic 
semiquinones.A,to 10 µM of Etf and 10 µM Ldh, D,L-lactate 
was added stepwise. (orange) 10 µM Etf, (deep green) 10 µM + 
10µM Ldh, (red) 8 µM lactate, (purple) 96, (fluorescent green) 
110, (brown) 200, (blue) spectra recorded after 15 min post 
addition. B, (black) 10 µM Etf, (deep blue) 10 µM + 1µM Ldh, 
(red) 8 µM D,L-lactate, (deep green) 16µM, (fl. green) 32 µM, 
(brown) 200µM. 
 






Flavin based electron bifurcation has recently 
been established in clostridia, archaea and 
acetogens. The crystal structure of the two-
flavin-containing Etf from Acidaminococcus 
fermentans revealed an NADH binding site in 
the smaller subunit (β) of the heterodimer. With 
docking and modeling predictions Bcd was 
proposed to interact with the bigger subunit (α). 
Recently the redox potential of M. elsdenii has 
been reported; the benzoquinone/semiquinone 
couple for the α-FAD is +81 mV and the 
semiquinone/hydroquinone couple of -136 mV. 
The redox potential of the completely reduced β-
FAD was found to be -279 mV [87]which is 
reduced by NADH (E0’= -320 mV). During 
bifurcation, electrons move to two different 
redox potential, one towards more positive redox 
potential crotonyl-CoA ( -10 mV) and the other 
to the more negative redox potential ferredoxin 
(-420 mV). Etfs of this class can stabilize a red 
anionic semiquinone which upon further 
reduction is converted to its hydroquinone form. 
This red semiquinone resides on the α-FAD●─ 
which is stabilized by the BcdMe whereas the 2nd 
electron on β-FAD●─is passed onto ferredoxin 
during an active bifurcation process. Repetition 
of the process results in reduction of crotonyl-
CoA and completely reduced ferredoxin. 
However complete reduction of BcdMe was 
achieved on addition of D-lactate when excess 
BcdMe
83
 was incubated with catalytic amounts of 
Ldh and Etf [ , 101].  
Recently lactate dehydrogenase from 
Acetobacterium woodii has been reported to 
form a tight complex with the Etf and it exhibits 
NAD+ reduction only when reduced ferredoxin 
(Fd2- 45) is present[ ]. The complex apparently 
uses flavin-based electron confurcation for 
energetic coupling [14, 20]. The exergonic 
electron flow from reduced ferredoxin to NAD+ 
drives the endergonic electron flow from lactate 
to NAD+. In M. elsdenii the electron transport 
from lactate to BcdMe also requires Etf. But the 
electrons can flow without bifurcation because 
BcdMe has a much higher redox potential than 
NAD+. Further investigation with UV-visible 
spectrophotometry and biochemical experiments 
we found that indeed Ldh uses BcdMe as an 
electron sink for oxidation of D-lactate to 
pyruvate via EtfMe. But an expection to 
bifurcation, electron are transferred to BcdMe by 
the Etf only via the α-FAD, the β-FAD is 
probably not involved in this process. During 
oxidation of lactate (E°′= -190 mV), single 
electron is transferred on to the α-FAD of the Etf 
which is at much positive redox potential (E°′= 
+81 mV). This red semiquinone can be observed 
in UV-visible spectrum which is not quenched 
on addition of excess lactate (Fig 3). This hints 
that on receiving single electron, the 
semiquinone/hydroquinone couple of α-FAD 
falls much lower than the reported value of -136 
mV. It can be assumed that the redox potential 
reaches a more negative value than -200 mV, 
which inhibits the second electron transfer from 
lactate. We propose that the EtfMe in this case 
acts like a mammalian Etfs by transferring single 
electron to the BcdMe in two steps then finally 
reducing crotonyl-CoA to butyryl-CoA.  
However this is study is under progress and final 
results are awaited. 
To summarize, we have purified the lactate 
dehydrogenase from M. elsdenii to re-investigate 
and understand the mode of electron transfer 
from the LdhMe to the EtfMe during lactate 
fermentation. From the initial spectroscopic data 
we can infer that the lactate dehydrogenase can 
transfer single electron from the lactate to the 
EtfMe, which is accepted by the α-FAD of the 
EtfMe. This electron is transferred to the electron 
sink (BcdMe) where the electron is stored. In the 
second round one more electron is taken away 
from the lactate and transferred via EtfMe to the 
BcdMe which affords reduction of crotonyl-CoA 
to butyryl-CoA and formation of pyruvate from 
lactate. We can conclude that the bifurcating Etf 
from M. elsdenii has two functions; in presence 
of Ldh it acts like a classical Etf , transferring 
single electron. In presence of NADH and 
ferredoxin, EtfMe bifurcate two electrons to two 
different redox potential via electron bifurcation. 




It is very interesting to investigate the conditions 
in which the EtfMe accepts electron directly from 
LdhMe
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3.1 Closing gaps in glutamate fermentation by Acidaminococcus fermentans 
The hydroxyglutarate pathway of glutamate fermentation to ammonia, CO2
17
, acetate and butyrate was well 
understood and studied in A. fermentans. Each intermediate and their corresponding enzymes were 
purified and have been well studied [ , 20]. Energy conservation in anaerobic bacteria was always 
thought to be mediated by substrate level phosphorylation since it lacked an electron transport chain as in 
higher domains of life. However a very interesting observation that the growth of amino acid fermenting 
bacteria (e.g C. symbosium, A. fermentans, P. asaccharolyticus etc.) was highly dependent on Na+, at 2 
mM Na+ 104 no growth was observed in A. fermentans and P. asaccharolyticus [ ] whereas when the Na+ 
concentration was increased to 3 mM Na+ both organisms grew almost at their maximum rate. However 
on decreasing the Na+
28
 concentration the lag-phase increased in these organisms. It was found that biotin-
dependent decarboxylations of organic acids like glutaconyl-CoA liberate a considerable amount of free 
energy (∆G°' ca. - 30 kJ/mol) which is used to pump sodium ions through bacterial membranes [ , 104-
106]. This generates a Na+ gradient within the cell which is used as an additional source of energy when 
Na+ is pumped in through the membrane bound ATPase. Higher energy conservation is accounted for the 
decarboxylation coupled Na+ transport. Decarboxylation of glutaconyl-CoA generates crotonyl-CoA 
which is an essential step in fermentation of glutamate by A. fermentans. With inverted membrane 
vesicles prepared from A. fermentans it was shown that the organism can accumulate Na+ if this reaction 
occurred and on addition of monensin the accumulation of Na+ 105 was completely abolished [ ].  
Though the Na+ dependence could be explained, one observation that remained obscure was the 
generation of H2
104
 during the fermentation of glutamate. It was thought that reducing equivalents generated 
in 3-hydroxybutyryl-CoA dehydrogenase reaction were not used to reduce crotonyl-CoA but liberated as 
molecular hydrogen [ ] driven by the Na+ 18 gradient [ ]. In addition the membrane fraction from P. 
asaccharolyticus contained hydrogenase which generates hydrogen reducing protons. The donor of 
reducing equivalent to the hydrogenase remained elusive. It was in 2008 that Herrmann et al. proposed for 
the first time, that reduction of crotonyl-CoA to butyryl-CoA with NADH, could be used for additional 
energy conservation. The reduction of crotonyl-CoA (E0′ = -10 mV) by NADH (E0
14
′ = -320 mV) is highly 
exergonic and irreversible under physiological conditions. However when assayed in-vitro, no oxidation 
of NADH detected when electron transferring flavoprotein/butyryl-CoA dehydrogenase, crotonyl-CoA 
and NADH was added together. In a path-breaking hypothesis it was proposed reduction of crotonyl-CoA 
to butyryl-CoA by NADH also drives reduction of ferredoxin [ ]. In a subsequent study from C. kluyveri 
it was shown Etf-Bcd are able to bifurcate the two electrons from NADH (E0′ = -320 mV), one electron 
proceeds to the more positive electron acceptor Bcd and finally to crotonyl-CoA (E0′ = -10 mV) and the 
other electron is transferred to a more negative electron acceptor ferredoxin (E0 15′ = -420 mV) [ ]. The 
reduced ferredoxin (Fd2─), which is generated, reduces protons to hydrogen via the hydrogenase and gets 




reoxidized. An enzymatic assay in which Etf/Bcd, catalytic amounts of ferredoxin and hydrogenase was 
incubated with NADH and the reaction was started with addition of crotonyl-CoA, hydrogen formation 
could be detected by gas-chromatography. This actually explains the generation of H2 during glutamate 
fermentation by A. fermentans. 
In chapter 2.1, we characterized the dissociating Etf/Bcd complex from A. fermentans. Biochemical 
experiments revealed that under standard conditions, the stoichiometry of ferredoxin: Etf: Bcd in presence 
of hydrogenase was found to be 2:0.5:1. This suggested that during steady state ferredoxin takes one 
electron and hands it over to the hydrogenase. It can be inferred that most likely the ferredoxin shuttles 
between Fd─ and Fd2─, the electron acceptor is the semi-reduced Fd─ which is reduced to Fd2─ by electron-




3.2 Energy conservation and glutamate fermentation by Acidaminococcus fermentans 
The complete overview of the glutamate fermented at stoichiometric amounts will give an exact idea of 
the energy conservation in A. fermentans. According to the balanced fermentation equation, fewer 
molecules are consumed than produced during glutamate fermentation. 
- + 6 H2O + 2H+                    5 NH4+ + 5 CO2 + H2 + 6 Acetate- + 2 Butyrate- 
Therefore the free energy change ΔG’ becomes more negative at lower concentrations. The calculated 
ΔG’ decreases to -450kJ/mol H2, when the physiological concentrations of glutamate, acetate, butyrate 
and ammonia were assumed to be 1mM each. Via the hydroxyglutarate pathway 5 glutamate are 
transformed to 5 ammonia, after which 5 x (R)-2-hydroxyglutarate are activated 5 x acetyl-CoA to 5 x 2-
hydroxyglutaryl-CoA. The subsequent dehydration step forms 5 x glutaconyl-CoA which is 
decarboxylated to 5 x crotonyl-CoA catalyzed by the membrane bound enzyme glutaconyl-CoA 
decarboxylase (Gcd) that converts the free energy of decarboxylation to an electrochemical Na+ gradient 
resulting the expulsion of 10 Na+
Out of the 5 crotonyl-CoA, three are oxidized to 6 acetyl-CoA with the formation of 3 NADH, which 
together with a fourth NADH are consumed in reduction of the remaining 2 crotonyl-CoA to 2 butyryl-
CoA by flavin-based electron bifurcation leading to the formation of 2 Fd
 out of the cell.  
red
2-. One ferredoxin (Fdred2-) re-
cycles the fourth NADH via Rnf resulting in expulsion of 2 Na+ out of the cell which adds up to the Na+ 
ion gradient deficit inside the cell. With 10 Na+ expelled via Gcd and 2 Na+ via Rnf, a sum total of 
12ΔµNa+ is obtained. For the import of 5 glutamate probably 5 ΔµNa+ 39 are consumed [ ], leaving 7 
ΔµNa+ for the synthesis of ATP via F1F0- ATP synthase. Generally to synthesize 1 ATP via the ATP-
synthase, 4 Na+ ions need to be pumped inside the cell, so when 7 Na+ is pumped into the cell, an 
additional 1.75 ATP is synthesized. The remaining Fdred2- reduces2 H+ to H2 by the [Fe-Fe] hydrogenase 
present inside the cell. This explains how hydrogen was formed when A. fermentans was grown on 
glutamate, the reduced ferredoxin once reoxidized, forms hydrogen which is released.  




Finally, out of 6 acetyl-CoA formed 5 acetyl-CoA is used to form (R)-2-hydroxyglutaryl-CoA from (R)-
hydroxyglutarate, 1 acetyl-CoA gives rise to 1 ATP via acetyl phosphate to form acetate. The 2 butyryl-
CoA gives rise to butyrate and 2 ATP via acetyl phosphate. So 3 ATP is conserved by SLP and the extra 
1.75 ATP from 7 ΔµNa+. All together, 0.95ATP/glutamate with the high efficiency of 67 kJ/mol ATP 
under standard conditions is obtanined. At lower concentrations the efficiency decreases, at the assumed 
1mM physiological concentrations, it reaches 96 kJ/mol ATP. The thermodynamic efficiency of about 
100 kJ/mol ATP which apparently is quite low, therefore it can be predicted that A. fermentans increase 
its efficiency by changing the pathway such that the H2
                   
Figure: Fermentation of glutamate in A. fermentans by the hydroxyglutaratepathway. 
Gcd = Na
 production is increased at low concentrations of 
substrates and products as found in natural environments where the organisms thrive.  A simple overview 
of the pathway in A. fermentans is given below. 
+translocatingglutaconyl-CoA decarboxylase, F1F0 ATPase and the glutamate Na+
Electron transferring flavoprotein (Etf) and butyryl-CoA dehydrogenase are both FAD containing 
proteins which have a significant role in anaerobic bacterial-metabolism. Etf was first identified by Crane 
and Beinert [
-symporter are deduced from 
the genome of A. fermentans 
3.3 Electron transferring flavoprotein and electron-bifurcation  
107] as yellow fluorescent component required to mediate the transfer of reducing 
equivalents from mammalian fatty acyl-CoA dehydrogenases to various electron acceptors. Etf from 




mammalian sources like human [99], pig [108] and even bacteria like Paracocccus denitrificans [100] 
and Methylophilus methylotrophus [109] belongs to Class I type of Etf which contains only one FAD 
molecule per heterodimer and does not oxidize NADH. This class of Etf in addition to its role in β-
oxidation, serves a series of other mitochondrial flavoprotein dehydrogenases like isovaleryl-CoA 
dehydrogenase [110], 2-methyl-branched chain-acyl-CoA dehydrogenase [111] involved in amino acid 
degradation and various short, medium and long chain acyl-CoA dehydrogenases. It shuttles one electron 
from the dehydrogenases to the matrix side of the inner mitochondrial membrane by reducing ETF-
ubiquinone oxidoreductase (ETF-QO) [112]. Another characteristic feature to this class of Etf is that it 
contains an AMP molecule buried deep into the smaller (β) subunit which helps in keeping the correct 
architecture of the enzyme [99, 100] 
 
Figure : Classical type Etf (FAD and AMP) containing shuttles electrons from dehydrogenase to membrane bound 
quinone-oxidoreductase 
Etf from A. fermentans and M. elsdenii belongs to Class II type of Etf where it contains two non-
covalently bound FADs. The α-FAD is found in a stretched condition [35] similar to the Class I Etf 
family members. As depicted in the scheme the α-FAD is reduced by 1e- from the corresponding 
dehydrogenase which is reflected in high redox potentials of α-FAD/α-FAD●-couple (E0’ = +81 mV for 
EtfMe 86) [ , 87] that enables a smooth electron transfer to the α-FAD. In Class II type of Etfs, the AMP 
part in human part is replaced by a second non-covalently bound FAD molecule which binds to the C-
terminal side of the β-subunit. The binding domain is well discussed in the Chapter 1, which agrees with 
the earlier finding of a low redox potential (E0’ = -280 mV for EtfMe) of the β-FAD/ β-FADH-couple and 
a stronger binding of β-FAD than α-FAD. Co-crystallization experiments of EtfAf with NAD+ revealed 
binding of NAD+ to the β-subunit, though the electron density for ADP moiety and not the nicotinamide 
part could be detected. Gathering all the observations and the measured redox potential of Etf from M. 
elsdenii fits perfectly to our current model of flavin-based electron bifurcation. The physiological redox 




potential of NADH is believed to be around -300 mV which allows a downhill movement of electrons to 
the β-FAD. The β-FAD/ β-FADH-redox potential of -280 mV and a structural rearrangement probably 
makes 1e- transfer to the α-FAD feasible which has a redox potential of -60 mV. The red anionic 
semiquinone that can be trapped on Bcd/Etf titration with NADH suggests one electron reduction of the 
α-FAD. The electron residing on the β-FAD● is probably highly unstable and attains a very low redox 
potential around -500 mV which is sufficient to immediately reduce a ferredoxin (-420 mV) which could 
be modeled around the β-FAD. Repetition of the process allows a completely reduced ferredoxin (Fd2─
Additional to these two classes, a subclass of Etf belonging to Class II has been recently discovered from 
the acetogenic bacteria, Acetobacterium woodii. 2 different complexes has been purified, caffeyl-CoA 
reductase [
) 
and reduced substrate (crotonyl-CoA) via the butyryl-CoA dehydrogeanse.  
96] and lactate dehydrogenase [45] in which Etf forms a tight complex to its dehydrogenases. 
The unique feature of both these complexes is that they have an additional [Fe-S] cluster bound to the N-
terminal region of the α-subunit and unlike EtfAf/EtfMe 
96
are highly oxygen sensitive. The LDH/Etf complex 
has 3 predicted FAD and 1 [4Fe-4S] cluster whereas the flavin content of the caffeyl-CoA reductase is not 
clear, but 9 mol of iron and 9 mol of sulfur was determined from the complex. In this subclass of Etf the 
N-terminal extension contains two times the conserved sequence (CX2CX2CX3CP) responsible for the 
binding of [4Fe-4S] in several ferredoxins [ , 113, 114]. The function of the presence of the [Fe-S] is 
still unclear but is predicted to play a role in the intramolecular electron transfer from the Etf to the 
dehydrogenase.  
3.4 Ferredoxin, flavodoxin, electron-bifurcation and more…  
The role of ferredoxin and flavodoxin in flavin based bifurcation and energy conservation has been 
discussed in Chapters 1 and 2. Generally clostridial type ferredoxins contain two iron sulfur clusters, 
which are highly oxygen sensitive, are reduced by one-electron generally at a redox potential more 
negative than -400 mV. These types of ferredoxins are required in metabolism of anaerobic bacteria and 
archaea, for reduction of CO2 to CO in acetogens, of CO2 to formyl-methanofurane in methanogens, of 
CO2 and acetyl-CoA reduction to pyruvate, of protons H+ to H2 and with the recent finding lactate to 
pyruvate in acetogenic bacteria. In these reactions, flavin-based electron bifurcation/confurcation provides 
the reducing power for the forward reaction.  Reduced ferredoxin produced by oxidation of pyruvate and 
other substrates functions as the main electron source for H2 formation in most fermentative bacteria. The 
main purpose of H2 formation is to release an excess of reducing equivalents generated during 
fermentation and also to increase the substrate level phosphorylation leading to energy conservation. The 
role of ferredoxin is immense in both as an electron acceptor and donor in anaerobic metabolisms. As 
glutamate fermentation via the hydroxyglutarate pathway is concerned, flavin-based electron bifurcation 
leading to reduced ferredoxin is the only way to give rise to molecular hydrogen which balances the ATP 
synthesis via SLP.  




The balance between the ferredoxin and flavodoxin that is controlled under iron limiting conditions have 
been well described by earlier researchers (see chapter 2). The interesting observation in A. fermentans 
was that the growth rate (doubling time 2.5 h) was unaffected by varying iron concentrations in the 
growth medium. The acetate to butyrate ratio was also unaffected by the iron limitations which led us to 
speculate that flavodoxin must play the role of ferredoxin under these conditions.   
 
Amounts of flavodoxin and ferredoxin present in A. fermentans cells grown on media with increasing iron concentrations. 
(×) Flavodoxin, (●
Electron transferring flavoprotein was partially purified from M. elsdenii and demonstrated by Baldwin 
and Milligan [
) ferredoxin [adapted from Thamer et al. 2003] 
As expected, heterologusly produced flavodoxin indeed replaced ferredoxin in the electron bifurcation 
reaction (reduction of crotonyl-CoA to butyryl-CoA). UV-visible spectroscopic experiments revealed that 
flavodoxin can be reoxidized by membrane extracts containing the Rnf complex to its semiquinone form, 
which is obvious since the hydroquinone/semiquinone couple for flavodoxin has a redox potential of -430 
mV whereas the semiquinone/benzoquinone couple of -60 mV. NAD+/NADH has  a physiological redox 
potential of -300 mV, so the electron flow from completely reduced flavodoxin via the Rnf to NAD+ is 
possible since its downhill electron movement, whereas when it reaches the semiquinone form it is an 
uphill electron movement to NAD+ and is not possible. It appears that flavodoxin purified from native 
cells is always blue in color since it only shuttles between the hydroquinone and semiquinone form.  
3.5 Flavin based electron bifurcation and oxygen 
84] that Etf functions in formation of butyryl-CoA by coupling the oxidation of NADH via 
reduction of the Bcd. Later Mayhew and colleagues characterized the protein and showed that indeed the 
Etf in combination with butyryl-CoA dehydrogenase oxidizes NADH for reduction of crotonyl-CoA 
[115]. This group of Etf was characterized as the class II type of Etf which contains two FAD per hetero-
dimer of the protein. However their study found modified FADs like 8-OH and 6-OH FAD in 
preparations of the protein which was not investigated in this thesis. Since then Etf from M. elsdenii has 
been well studied over the years [83, 85-88, 91, 116-118]. With the finding of electron bifurcation in Etfs 




from C. kluyveri [15] , C. dfficile [34] and A. fermentans [35], it was confusing that whether the closely 
related M. elsdenii Etf was an apparent exception from the bifurcating Etfs. According to the older 
literature, oxidation of NADH was evident; however, none of the reports mentioned the actual assay 
conditions. To investigate the confusion, we cloned the genes and overproduced the protein in E. coli and 
successfully purified both Etf and Bcd using affinity chromatography. However no oxidation of NADH 
was observed when Etf/Bcd, NADH and crotonyl-CoA were incubated under anaerobic conditions. Rapid 
oxidation of NADH was achieved when ferredoxin/hydrogenase was added to the same reaction mixture. 
This hinted that most probably the M. elsdenii Etf is not different from the related bifurcating Etfs. Now 
we repeated the same assay under aerobic condition where ferredoxin was omitted. Surprisingly oxidation 
of NADH was observed when Etf/Bcd was incubated with NADH and the reaction was started with 
addition of the substrate crotonyl-CoA. However when crotonyl-CoA was replaced by butyryl-CoA, 
NADH was still oxidized. This led us to think that under aerobic conditions O2 plays a significant role in 
this anomalous observation. An earlier report of a similar protein complex, acryloyl-CoA reductase 
(complex of Etf and propionyl-CoA dehydrogenase) from Clostridium propionicum that produced 
H2O2 90upon oxidation of NADH under aerobic conditions [ ] led us to analyze, whether the similar 
condition applied in this case. Indeed formation of H2O2
We speculated that on addition of either substrate or product a conformational change might expose the 
reduced FADs to oxygen and NADH was completely oxidized, but this did not explain the observation of 
the formation of their respective products crotonyl-CoA to butyryl-CoA and vice-versa. Finally a MALDI 
analysis of a reaction mixture with Bcd and butyryl-CoA under aerobic condition revealed the formation 
of crotonyl-CoA explained the strange observation. We can explain that under aerobic condition, Bcd on 
incubation with butyryl-CoA uses molecular oxygen as an electron acceptor which results in formation of 
crotonyl-CoA. Therefore on incubation of Etf/Bcd, NADH and butyryl-CoA, first crotonyl-CoA is formed 
using O
was confirmed by the ABTS assay which showed 
that oxygen was the electron acceptor when NADH was oxidized and uncouples the reaction. A MALDI-
TOF analysis of individual reaction mixtures with either crotonyl-CoA or butyryl-CoA as substrates 
always revealed butyryl-CoA and crotonyl-CoA as products. This was much more confusing as even if 
crotonyl-CoA is reduced to butyryl-CoA, it was practically impossible to oxidize butyryl-CoA along with 
oxidizing NADH. An interesting observation was that no oxidation of NADH was observed until either of 
butyryl-CoA or crotonyl-CoA was added.  
2 as electron acceptor and then the reactions runs similarly to the forward reaction of reducing 
crotonyl-CoA with NADH using O2 in place of ferredoxin. We propose that the oxygen takes the part of 
ferredoxin under aerobic condition which now fits the older research which was contradictory to the 
recently discovered electron bifurcation in Etfs. During a forward reaction using crotonyl-CoA, NADH 
first reduces the β-FAD and similarly to bifurcation under anaerobic condition a stepwise electron transfer 
results in reduction of crotonyl-CoA. However, a stepwise electron transfer to O2 and finally formation of 
H2O2 should result to a superoxide radical intermediate. On incubation of the reaction mixture with 
varying concentration of superoxide dismutase resulted to a 50% inhibition of the NADH oxidation rate. 
This showed that in fact an intermediate of oxygen radical which forms H2O2on receiving the 2nd electron 




by complete bifurcation process. The 50% inhibition can be explained that the rate of formation of H2O2 
from O2●─ (k2) should be much higher compared to the rate of O2 to O2●─ (k1) and SOD inhibiting the k2 
would result in double working of the k1
Though the reaction might not be relevant with respect to in-vivo condition to anaerobic bacteria, it 
however has biological interest which explains how electron bifurcation can lead to the formation of 
reactive oxygen species on exposure to oxygen. However there are a set of protein and enzymes that 
protect anaerobic bacteria from oxidative stress on exposure to oxygen [
 step resulting in slowing down the reaction by half and hence the 
observation. 
119-121]. Pull down experiments 
with His-tagged Etf from A. fermentans and membrane-free extracts showed the presence of the protein 
rubrerythrinalong with the Etf. Rubrerythrin has been reported to have superoxide dismutase activity and 
plays a role in detoxification of oxygen radicals in Clostridium perfringens [122] and rubrerythrin mutant 
strains of Porphyromonas gingivalis were more dioxygen- and hydrogen-peroxide-sensitive than the wild 
type [52]. However the role of rubrerythrin in A. fermentans requires further scrutiny. 






Within the scope of this thesis we have established the probable working mechanism of the flavin-based 
electron bifurcation using Etf-Bcd complex. However, mutational studies in the electron transferring 
flavoprotein will further clear our understanding that how electrons are transferred stepwise within the Etf 
which remains obscure. Titration of of the Etf/Bcd complex with NADH did not reveal the semiquinone 
on the β-FAD which needs further investigation. We have designed an experiment which will be excuted 
shortly in some days. The predicted conformational change needs actual experimental evidences which 
can only be elucidated by mutational studies. The redox potential measurement of the wild type as well as 
the mutated protein will answer how the active site modulates the electron movement within the protein.  
Using the Etf/Bcd system the activation of oxygen by electron bifurcation will be further studied in 
coming time. Using flavodoxin we intend to study the Na+
Recently we have crystallized the Etf/Bcd complex from Clostridium difficile in collaboration with Dr. 
Ulrich Ermler (MPI Frankfurt). Further characterization and redox potential measurement of the complex 
will help us re-evaluate the observation found in the dissociable Etf/Bcd complex. A co-crystallization 
trial with NAD
 transport via Rnf with inverted vesicles of A. 
fermentans, since flavodoxin can be produced in large amount and is easy to handle. 
+ has been successful and the results are due to be published. 
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